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FOREWORD 

This paper is the second part of a monograph published in 1965 [33]. - /3*  
The first book primarily contained the results of investigations of a 
straightforward problem-the determination of the radiation field of a 
realistic atmosphere. The investigative method and the results of a deter- 
mination of the fundamental atmospheric optical parameters, presented in 
the first part, permitted formulating a question concerning a more rigorous 
solution of the direct problem and carrying out studies of the possibility of 
solving the reverse problem-the determination of the size spectrum of an 
atmosphere aerosol from observations of scattered light intensity and polari- 
z ation. 

The analysis of the solution of the direct problem is continued in the 
first chapter of the present monograph. Data from spectral observations 
of the sky brightness and polarization are presented; an attempt is made to 
interpret these data with the aid of present-day theoretical calculations. 

The results of studies of the fundamental optical parameters a re  pre- 
sented in the second chapter. 
from direct observational data. 

The material presented is derived entirely 

The possibilities of solving the reverse problem-the determination of 
the aerosol spectrum from observations of sky light brightness and polari- 
zation-are analyzed in the third chapter, and the first results of these in- 
vestigations are  given. 

This monograph describes the data from research conducted in the 
atmospheric optics department of the Astrophysical Institute, Academy of 
Science Kazakh SSR. Overall editing was  performed by G. Sh. Livshits. 

The authors wish to express their sincere gratitude of Professor G. V. 
Rozenberg for valuable critical comments made during the review of the 
manuscript. 

. . .  _ .  _ _ _  -~ . 

*Numbers in the margin indicate pagination in the foreign text. 
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SYMBOLS USED FOR THE MOST 
FREQUENTLY ENCOUNTERED QUANTITIES 

T - vertical optical thickness of the atmosphere, 

p - transmission coefficient, 

P - degree of polarization, 

B - sky brightness, 

f (q)  and dq)) - scattering indicatrices, 

ZS - spectral solar constant, 

T - turbidity factor. 

The quantities enumerated refer to monochromatic light. We omit, as  a 
rule, the index h (wavelength). The other indices, which appear when it is 
necessary to emphasize a difference between quantities being discussed, hav 
the following meanings: 

1 - a quantity resulting from 1-st order scattering, 

2 - a quantity resulting from multiple scattering, 

q - a quantity resulting from light scattering from the earth, 

n - a quantity resulting from pure absorption, 

b - a "Bouguer" quantity, 

R - a molecular ("RayleighTf) quantity, 

D - an aerosol quantity, 

h - a quantity related to haze. 

Optical parameters of the polydisperse aerosol: 

r - particle radius, 

r and r - lower and upper radius limits of particles of the polydisperse 1 2 
aer os ol , 

V* - exponent in Junge's formula. 
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Angular quantities and atmosphere masses: 

20 - distance to sun, at zenith, 

mg - atmosphere mass in sun direction, 

Z - zenith distance to observed point of the sky, 

m - atmosphere mass in direction of observed point of the sky, 

Q - angular distance from sun (scattering angle). 
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LIGHT SCATTERING IN THE ATMOSPHERE. PART 2. 

A. I. Ivanov, G. Sh. Livshits, V.Ye. Pavlov, 
B. T. Tashenov, and Ya. A. Teyfel' 

ABSTRACT: The results of spectrophotometric studies of 
the brightness and polarization of the daytime sky, the 
scattering function and other optical parameters of the atmo- 
sphere are contained in this monograph, Observations are 
compared with recent theoretical calculations. The paper 
is devoted to direct and indirect approaches to the problem 
of light scattering in the earth's atmosphere. 
The monograph consists of three chapters. A review of 
work on sky brightness is given in Chapter 1; data from 
direct observations and the result of comparing these 
data with theory are presented. Methods a re  proposed 
for calculating sky brightness and polarization with 
aerosol microstructure and multiple scattering taken 
into account. Results of the calculations agree with the 
data from direct measurements, which have been made in 
the visual and ultraviolet spectral regions by various 
authors. 
In Chapter 2 the results of measurements of the scattering 
functions, the angular and spectral dependence of these 
functions, data on their variations and interrelationship, 
as  well as  the results of studies of atmosphere stability 
and transmittance, scattering functions and optical thick- 
ness (total, aerosol and haze) a re  presented. Pure ab- 
sorption in aerosols has been studied, and, on the basis of 
the established properties of the aerosol scattering function, 
a formula is derived that interrelates a number of param- 
eters of the earth's atmosphere. 
The reverse problem-determination of the aerosol spectrum 
from optical observations of the sky-is considered in 
Chapter 3. The results of investigations of the spectrum of 
the large particle size fraction of the aerosol are  presented; 
the role of Aitken particles is evaluated; the deviations from 
theoretical models of an aerosol with a Junge distribution of 
particle sizes a re  shown. The fundamental difficulties in 
solving the reverse problem from observations of sky 
brightness at large angular distances from the sun are  in- 
dicated. 
This book is intended for meteorologists, astrophysicists, 
geophysicists and other specialists whose work involves 
problems of light scattering in the earth's atmosphere. 
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CHAPTER 1 

THE DIRECT PROBLEM 

1. Scattered Light of the Clear, B y t i m e  Sky (review) 

The radiation of the daytime sky has attracted the attention of specialists in 
the most varied fields of science. Theoretical and experimental investigations, 
aimed at explaining the observed phenomena of sky brightness and polarization, 
from the beginning have fallen outside the realm of atmospheric optics problems 
and have led to development in other important directions, for example, spectro- 
scopy, the study of light displacement and scattering by matter, etc. 

* 

In this brief review i t i s  impossible to discuss, in detail, the history of the 
problem, as well as the effect of studies of daylight sky radiation on other fields 
of science, which have been covered in detail in, for example [ 11 
purpose to consider studies of the clear daytime sky carried out in the last dec- 
ade. 

It is our 

The brightness and polarization of the light of the cloudless daytime sky are  
determined by the scattering characteristics of solar rays in the earth's atmos- 
phere and depend on many factors. In addition to the scattering of direct solar 
rays (1-st order scattering), multiple scattering and scattering of the radiation, 
reflected from the earth's surface, occur. The light is polarized during each 
elementary act of scattering, and as it propagates, the light is attenuated not 
only because of scattering but also because of absorption. 

The atmosphere is spherical, and a plane model can only serve to approxi- 
mate reality. The amount and direction of the light reflected from the earth 
depend on the photometric properties of the underlying surface. The character 
of the light scattering in the atmosphere is determined by i ts  optically active 
medium, which consists of two basic components-gaseous and aerosol. The 
gaseous component is distinguished by the presence of absorption bands char- 
acteristic of water vapor molecules, ozone, oxygen and other constituents. The 
aerosol component is basically characterized by a pronounced scattering prop- 
erty. In view of this, a study of the aerosol is of primary interest. Variations 
of sky brightness a re  primarily associated with the variability of the aerosol 
component. The optical parameters of the aerosol are  determined by the physical 
characteristics of its particles : their size, shape, structure, spatial orientation, 
refractive index. The atmosphere contains a polydisperse aerosol, and the 
particle distribution acquires an important significance. The sky brightness, 
determined by all the above-mentioned parameters, varies as a function of the 
sun distance at zenith WG), the zenith ( Z )  and angular (9) distances of the ob- 
served point of the sky, the light wavelength (A) and the energy distribution in the 
solar spectrum (the spectral solar constant nS).). 

There is no exact theory that takes account of the factors enumerated above. 
Individual analyses a re  based on models that do not entirely represent all the 
actual properties of the atmosphere. Rayleigh 121 developed the first theory for 
the brightness and polarization of the cloudless, daytime sky. Its major de- 
ficiencies a re  well known: Rayleigh ignored multiple scattering and the effect of 
aerosols. As a result of the work of S. Chandrasekar 131, Z .  Sekera [ 41 and 
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other authors, i t  was possible to solve the problem for a purely gaseous (llRayleighl') 
atmosphere with multiple scattering taken into account. The tables of Chandrasekar 
and Elbert [51 and, in particular, of Coulson, Dave and Sekera [6! , in which 
computations are given for a wide choice of parameters, can serve as some basis 
for interpreting the complex processes resulting from multiple scattering and 
light reflection from the underlying surface. The theoretical analyses, recently 
developed by Dave and other authors, are  intended to take account of the effect of 
molecular anisotropy [ 71 , light reflection from the underlying surface [SI,  pure 
absorption [ 91, etc. 

Moreover, since the aerosol plays a significant role in the sky radiation, 
very serious attention has been given to studies of the optical properties of this 
very important atmosphere component ever since the theory of light scattering 
by large particles, developed by Love [ lo ]  and Mie [ 111, appeared. After elec- 
tronic computers became available, calculations were made of the optical param- 
eters of aerosol particles with different size, shape, refractive index and other 
physical properties. The results of investigations of light scattering by haze 
particles have been reported in the mnographs of K. S. Shifrin [ 121 and Van de 
Hulst [ 13 I .  

Of greatest interest a re  calculations of the optical parameters of a polydisperse 
aerosol. Tables [ 141 , containing data for particles with a refractive index of 
m = 1.5 and with a Junge-type of size distribution: dn=c (dn is the number of 

d l g r  r+* 
particles in the logarithm radius interval d lg r; c and vy are constants) , have re- 
cently been published. More extensive computations, performed by K. s. Shifrin 
and I. L. Zel'manovich [ 151 , should soon be published as four volumes of tables*. 
These volumes should contain calculations for a polydisperse aerosol with the 
diverse structure that is typical of the earth's atmosphere. 

A number of papers have been devoted to studying the dependence of the 
optical parameters of a polydisperse aerosol on the refractive index f16, 171, 
pure absorption [ 181, the ratio between the coarse and fine particle fractions 
1161. L. Foitzik has recently carried out calculations for the case of a 
Gaussian type of particle size distribution [ 191. 

A rigorous theory must take account of a polydisperse aerosol a s  well as 
multiple scattering. The aerosol scattering function, unlike the Rayleigh, is 
drastically elongated "forward". In a theory, that accounts for multiple scat- 
tering, the effect of aerosols can be indicated by specifying an asymmetric 
scattering function. The most important work in this area has been done by 
V. A. Ambartsumyan 201 , V. V. Sobolev 1211 and Ye. S. Kuznetsov [22]. The 
theoretical analyses of these authors permit determining numerical solutions of 
the transport equation for the earth's atmosphere. The most complete data tables 
are contained in papers of the Institute of the Physics of the Atmosphere [IFA], 
Academy of Science, USSR [23, 241 and also in [25]. 
investigated light scattering for a spherical atmosphere [26]. 

- /7 

V. V. Sobolev and eo-workers 

_. . _ _  - - . - _.. 7 
The first volume has been published [ 151 . 
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At the present time some authors a re  using the following method of calculation. 
First order scattering is computed separately for different models of a polydis- 
perse aerosol. Multiple and Rayleigh scattering is determined with the aid of the 
analyses of Coulson, Dave and Sekera [6l , performed for a Rayleigh atmosphere. 
By summing the components, one can find an approximate value not only for the 
total brightness but also the degree of sky polarization and can ascertain the 
effects due to multiple scattering. A series of recently published papers have 
been devoted to these questions [ 27, 281. 

The qualitative picture of the brightness distribution over a cloudless daytime 
sky is well known. 
from zenith to horizon and as  one approaches the sum. Quantitative measurements 
were begun in the XVII century by Saussure, and systematic observations -in 
1898 by Ch. Jensen [ 291. Dorno [ 301 , who made brightness and polarization 
observations over a period of several years, contributed a great deal. In spite 
of the fact that nearly fifty years have passed since then, Dorno's measurements 
are  still used in textbooks. A large amount of similar work was frequently not 
interpreted at all. By citing only the results of brightness observations, and in 
particular-day skylight, many authors limited themselves to a description of 
this model o r  that, without any attempts to provide a general picture. Only a 
few investigations were an exception. 
in 1946, is of particular interest. Devoted to the problem of the visibility of 
ground features from an airplane, i t  contains a large number of direct obser- 
vations and theoretical results concerning the optical properties of the atmos- 
phere. 

In the visible region, the brightness is observed to increase 

The paper of V. A. Krat [311 , published 

In 1957, Ye. V. Pyaskovskaya-Fesenkova published a monograph devoted 
entirely to the brightness of the daytime, cloudless sky [ 32 1. The result of 
this work is the derivation of a large number of relationships for the scattering 
of light. It was established that the optical properties of the earth's atmosphere 
often possess astonishing stability under the widest variety of conditions and are 
amenable to reliable interpertation. 
present monograph was published [331, and it was also devoted entirely to sky 
brightness. 
(AFI) in the atmospheric optics department where sky brightness and polarization 
observations have been carried out for about 20 years. 
authors, associated with studies of the clear daytime sky, were published in the 
form of papers dealing only with particular aspects of the problem, o r  were dis- 
cussed in individual chapters of monographs devoted to radiative [ 34 1 , twilight 

551 and other investigations, and also to the optical properties of the atmos- 
phere layer near the ground [ 921 . 

Eight years later, the first part of the 

Both works were done at the Astrophysics Institute AN KazSSR 

The works of other 

/8 - 

More and more interest in direct observations of the sky brightness and 
polarization is evident each year. In addition to the studies carried out up to 
the present time at the AFI, which were  mentioned above, measurements of the 
scattered light intensity are  included in the program of complex investigations 
of the radiation field being carried on at  the Leningrad State University [36, 371. 
In the USA, a group of visibility laboratory researchers are  making systematic 
measurements of the background brightness of natural objects (in particular, 
sky brightness) under different illumination conditions 381 . Photometric 
measurements of the daytime sky have covered a wide variety of locales, 
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including India 391 , Africa 401 and other geographical areas. Recently these 
observations have aimed at verifying theory and at solving the reverse problem- 
the determination of the size distribution of aerosols; this will be discussed in 
de tail below. 

A large number of sky brightness observations have been performed in the 
solar almucantar. The brightness indicatrices, obtained in this region of the 
sky ~(cp) ,  permit determining the scattering functions relating to the entire atmos- 
phere height [32, 33, 411. 
visual a n d k  the near infrared regions of the spectrum, are shown in Fig. 1. 
Some numerical data were presented in Part 1 of this monograph [ 33 1. 

The mean relative indicatrices, determined in the 

Figure 1. Average Relative 
Brightness Tndicatrices: 1-A= 
0.476 pm; 2 4 .  = 0.546 pm; 
3-a = 0.625pm; 4--h = 0.940 

elm. 

retical analyses. 

The indicatrix P(cP), derived from data of 
the sky brightness observations in the solar 
almucantar, is weighted with secondary 
effects. At the present time, however, a 
number of methods exist for isolating the 
scattering indicatrix P I  (q), excluding the 
effect of multiple scattering and of light 
reflection from the underlying surface. The 
function p~(cp) characterizes the scattering 
power of the entire atmosphere thickness as 
a whole [ 32, 33 1 .  We note that since the 
lower layers of the atmosphere make the 
largest contribution to the sky brightness, 
the aerosol function C L D ( ( P )  gives the char- 
acteristic of an aerosol distributed up to an 
altitude of 5.6 km. The elongation of the 
indicatrix can vary appreciably, both from 
day to day as  well as  during a given day, with 
the degree of asymmetry increasing with an 
increase in wavelength, Several authors 
[ 32, 421 have directed their attention to the 
inconsistency between this fact and theoretical 
results. Thus, all calculations for Junge 
aerosol models lead to the conclusion that the 
elongation of the indicatrix should decrease 
with an increase in wavelength. 
ancy, however, is only an apparent one. 
Observed indicatrices d c p )  a re  influenced by 
Rayleigh and multiple scattering, which in- 
crease drastically at shorter wavelengths, 
so that the backward portion of the indicatrix 
increases. A s  will be shown below (Chapter 2 
of this paper), observations at small scat- 
tering angles agree with the results of theo- 

This discrep- 

To illustrate the order of magnitude of the sky brightness and its variation 
as a function of one factor o r  another, let us  cite some numbers [ 341. In 
summertime for an optical thickness of about 0.15, the sky brightness at Zo =60° - /9 
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and cp=60", expressed in units of sA/2 (dh is the solar constant), is equal to -0.15. 
With an increase in T, the brightness, in a first approximation, increases approxi- 
mately proportional to IT and its  variation with wavelength is determined by the 
dependence of the optical thickness on A. The brightness increases with a de- 
crease in cp and when cpxp i t  can be two or  more orders of magnitude greater 
than at cp=6Oo. For angles 9>60" the sky brightness decreases smoothly up to 
angles of 9=90 - 110". A minimum is observed in this interval, and then a 
small increase in brightness is frequently observed with an increase in cp. The 
general representation of the angular distribution gives the brightness indicatrix 
(see Chapter 2). The brightness increase from zenith of horizon usually does not 
exceed one order of magnitude. With a change in the sun zenith distance from 
20 -30" and 20 =75O, the sky brightness in the visible region at zenith decreases 
by about a factor of 2. Table 1, which contains data on the sky brightness for 
different parameters, is provided for orientation and to illustrate the order of 
magnitude. (More detailed data both for the visible a s  well as for the ultraviolet 
spectral regions a re  presented in the following paragraphs. ) 

It should be noted that until now very few direct measurements have been 
made at different altitudes in the free atmosphere. Investigations (see bibliography 
of [241), previously carried out, were sporadic in nature and have largely be- 
come obsolete. New data, measured from aircraft [441, rockets [451 and from 
satellites [461, indicate the vast role played by the aerosol. The importance of 
such measurements is clearly obvious. Thus, even the few results of measure- 
ments, made recently, forced us to reject some incorrect ideas, concerning, in 
particular, the relative increase in Rayleigh scattering in the upper layers of 
the 'atmosphere. 

Numerous observations of sky polarization have made i t  possible to establish 
a number of fundamental relationships and to recognize some points with char- 
acteristic polarization properties. The degree of polarization varies from zero 
(in particular, the neutral points of Arago, Brewster, Babinet) to a maximum, 
amounting to nearly 90% in individual cases. The attention to many authors was 
focused on these special (with respect to polarization) points. It has been estab- 
lished that the location of the Babinet and Brewster'neutral points, relative to 
the sun, varies within the limits from 12 to 30", depending on the wavelength 
and meteorological conditions. Sometimes a deviation of the neutral points from 
the solar vertical was observed [ 29, 47, 481 . The polarization maximum lies 
in the solar vertical at an angle distance of about 90" from the sun. Its location 
shifts by 3-5", depending on various conditions. The relation of the polarization 
to the transmittance and the albedo of the underlying surface has been mentioned. 
The last factor exerts a particularly strong influence. Horizontal inhomogeneity 
of the underlying surface can lead not only to a change in the degree of polarization 
but also to a rotation of the polarization plane 491 . 

The number of Polarization measurements has increased drastically in re- 
cent years. They have been made in regions with vastly different climatic con- 
ditions: in Germany, southern Italy, Greenland. The results of these measure- 
ments a re  discussed in [ 501. G. V. Rozenberg and co-workers [ 51,521 , Ye. V. 
Pyaskovskaya-Fesenkova [ 53-561, D. G. Stamov [ 571 and others have investi- 
gated sky polarization and the relation of the observed polarization (both its 
degree and its plane of orientation) to different factors. The basic features of 
the polarization pattern of the sky have been described in considerable detail 
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(see, for example, [35, 58]), and there is no reason to repeat them here. Let 
us only note the following: in spite of the fact that polarization studies were be- 
gun 150 years ago, after Arago's discovery, new effects are still being detected 
through direct observations. This can be illustrated by the data obtained quite 
recently [ 59 I .  They indicate that up to now a false notion existed concerning the 
presence of one point with maximum polarization, located in the solar vertical. 

Speaking of polarization measurements, the attempts to detect elliptical 
polarization should be noted. Daytime skylight was found to be elliptically un- 
polarized, within the limits of experimental e r ror  [52 ,  601. Thus, in order to 
characterize the radiation field of the daytime sky i t  is sufficient to specify the 
the three Stokes parameters [ 11 , characterizing the intensity, degree and position 
of the polarization plane. 

Obviously, the value of investigations and conclusions based solely on ob- 
servational data, is extremely limited. More significant results were obtained 
through the joint use of observations and theory. 

Comparison of theory with observations is not a simple problem, and fre- 
quently the comparison attempts do not withstand critical review. In view of 
this, different methods have come to be used, which enable one to exclude the 
effect of one or  another factor that is difficult td take into account. For a satis- 
factory agreement with observations, i t  is sufficient to introduce into the theory 
the actual values of the following four quantities: 1) total optical thickness, 
2)  scattering function, 3) albedo of the underlying surface, 4) optical thiclmess 
for pure absorption 331. 

An analysis of the observations on the basis of theoretical calculations led 
to a clarification of the role of the major factors determining the character of 
light scattering in the atmosphere and made i t  possible find methods for taking 
them into account. It has been established that tha altitude variation of the 
scattering function cannot be taken into account in the solar almucantar. Sky 
brightness is determined by the integrated indicatrix, relating to the entire 
thickness, independently of the altitude distribution of localized scattering functions 

33 I .  The earth's curvature can be taken into account by replacing the secants 
of the zenith distances in the sky brightness formula with the atmosphere masses 

32 1 .  The brightness, produced by multiple scattering for a spherical earth, can 
be calculated with satisfactory accuracy from a plane model. Secondary fluores- 
cent radiation plays a minor role. Attempts to detect the effect by comparing the 
daytime and lunar sky showed that this radiation, if it exists, cannot exceed 5-6% 
[33]. D. Nokson and R. Goody [61], using a more precise and original method, 
detected a fluorescent radiation amounting to 2-3 % of the total sky brightness. 

Calculations of sky brightness, made for different models, distinguished by 
'different aerosol composition, a re  analyzed in [62]; and the effect of multiple 
scattering is discussed. Just as one should expect, the greater the number of 
coarse particles in the polydisperse aerosol composition, the greater the angular 
intensity gradient, especially at small angular distances from the sun. The role of 
multiple scattering increases with a decrease in the solar altitude, an increase in 
the angular distance from the sun, a decrease in wavelength and an increase in the 
number of fine particles. Multiple scattering, even with an albedo equal to zero, 
can sometimes double the sky brightness value produced by 1-st order scattering. 
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Molecular and multiple scattering, as a rule, play the biggest role in the - /11 
ultraviolet region on a clear day. The aerosol exerts an effect only at extremely 
small angular distances from the sun. 

The aerosol plays the biggest scattering role in the very near infarared re- 
gion [ 331 ; a significant absorption of radiation by water vapor is observed. In 
the transmission windows in the IR region one can confine himself to a first- 
order calculation of the purely aerosol scattering for a very crude correction 
factor, making it possible to take multiple effects into account. However, the 
appreciable contribution of reflected radiation must be taken into account. In 
the water vapor absorption bands the sky brightness decreases sharply. There 
are few data from direct observations in this spectral region [631. Of the theo- 
retical investigations, one can recommend [ 151, and of the reviews--[65]. 

In addition to studying the scattered light intensity, considerable continuing 
attention has been devoted to theoretical and experimental polarization studies. 
Of most interest in the question concerning the connection between the polari- 
zation characteristics of the sky and the atmosphere aerosol. First ,  I. Soret 
[661 , and then F. Ahlgrimm [ 671 and J. J. Tichanowsky [681 , showed how 
important i t  is to take account of multiple scattering. After formulation of the 
transport equation into matrix form [ 3, 691 and appropriate calculations [ 5,  61 , 
i t  became clear that multiple scattering and light reflection from the underlying 
surface play a tremendous role. 

However, there is not doubt whatsoever that the polarization varies with 
variations in the aerosol. 
the degree of polarization and the atmosphere transmittance (1 35, 701 and others). 
Finally, attempts are  still continuing to determine the aerosol distribution from 
data of measurements of the d-egree of polarization 71, 721. 

Several authors have observed a correlation between 

Of interest is the attempt of T. Gehrels [731 to determine the role of the 
different components of scattered radiation in the polarization pattern of the sky. 
Comparing theory with observations , T. Gehrels concluded that the departure 
from 100% maximum polarization, which can be expected with simple Rayleigh 
scattering, is caused by polarization produced by multiple scattering (6%), by 
molecular anisotropy (6%), by light reflection from the earth's surface (5%) 
and by the aerosol (8%). 
are  obviously approximate. 

These numbers, relating to a somewhat special case, 

In spite of the large number of measurements, thus far there is an insufficient 
amount of direct observational data to permit a detailed analysis of the question 
of solving the reverse problem in different spectral regions (in particular, in the 
ultraviolet) , expecially in terms of the sky polarization characteristics. 

2. Results of Measurements 
~~ 

We will present the results of direct measurements of the sky spectral 
brightness, made at the Astrophysics Institute AN KazSSR (AFI). 
used in those problems where knowledge of the daytime cloudless sky back- 
ground is required. 
absolute units with the simultaneous determination of the optical thickness-one 

They can be 

The inadequacy of such brightness measurements in 
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of the fundamental optical parameters of the atmosphere-has been indicated in 
the review section. Performing such studies had the following purpose: 

1. To provide tables of the absolute brightness a t  different points of the 
sky for an isophot plat, determining the actual value of the optical thickness. 

2. To perform detailed spectral measurements of the sky brightness at 
small angular distances from the sun, where brightness variations a re  especially 
large. 

3. To develop basic relationships in the observed sky brightness pattern. 

4. To compare observational data with theory in order to answer the 
question concerning the possibility of satisfactorily solving the direct problem 
both for the brightness and the polarization of the daytime sky. 

Measurements in the visible portion of the spectrum were made at  intervals 
of AY=45" (Y is the azimuth angle, measured from the solar vertical) and 
vertical intervals of AZ=15' for the following wavelengths: h= 0.691, 0.650, 
0.593, 0.553, 0.495, 0.447, and 0.404pm. 

The formula for determining the brightness value has the form 

where Bi - spectral sky brightness in W/cm'-sterad-pmm; 

no and ns - instrument readings from the sky point being observed and 
from the screen, respectively; 

Aa - spectral albedo of gypsum screen; 

%sol - spectral solar constant, taken from the data of [ 771 ; 

px - spectral transmittance of the atmosphere; 

mg. - atmosphere mass in direction toward sun; 

- correction term that takes account of the seasonal variation of 
rz the distance of the earth from the sun. 

Table 1, a, b is provided as an example, illustrating the sky brightness 
value. The brightnesses for only half the sky are  given in the table since they 
were symmetrical with respect to the solar vertical (except for the large zenith 
distances of 2=75", where the inhomogeneity of the underlying surface probably 
exerted an influence). 

- /13 
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Figure 2. Observed Isophots of Clear Daytime Sky for 
z0 = 61°, a = 0.553~111, % = 0 .82 ,  q = 0.2 (Aug. 27, 1965, 

a.m. ). The Values Plotted a re  B(W/cm -sterad-pm) x lo4. 2 

Figure 3. Observed Isophots of Clear Daytime Sky for 
Z Q  = 58.73 p, = 0.66  f 0.01, h = 0 . 4 0 4  pm., q = 0 . 1  (Aug. 
27, 1965, a.m. ). Thevalues Plotted are  B (W/cm2- 

4 sterad-pn) x 10 . 

Typical behavior of the brightness in different almucantars and verticals 
is shown in Figs. 2 and 3. A brightness increase with an increase in Z (from 
zenith to the horizon) and a brightness decrease with an increase in the azimuth 
angle Y! (as one goes away from the sun) are  observed. In the individual curves 
one can observe a brightness minimum that is caused by the specific form of the 
scattering function (minimum scattering in the directions rp- 90"). Theoretical 
analyses also yield the same brightness behavior [23, 241. 

The angular distances A between the minimum brightness point and the sun 
and the zenith distances 2 of this point a r e  listed in Table I for different Z0 and A. 
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72.5 85 12.5 0.404 72.4 87,4 15,O 0.447 67.1 82.1 I15,O 
66.8 86 20,2 85.Z 82,2 16.5 8 59.6 81,6 22,O 
68.1 81 22.3 8 56.1 81.1 25,O 48.7 75.7 27,O 
78.0 93 20.0 0.691 76.6 92.0 15.4 0.691 72.5 92,5 20,O 
70.4 95 20,6 8 69.6 89.0 19,4 62.1 87.1 25,O 
63.3 90 26,7 60,O 85.0 25,O 64.2 84.2 30.0 

From the table it is seen that: 

0.404 

0.691 

8 

1. The distance between the minimum brightness point and the sun varies 
within the interval from 76-98'. 

2. A s  the sun rises,  A decreases and Z (the zenith distance for the minimum 
brightness point) increases, i. e. , the point "sets. '' 

3. The quantity A changes as a function of A. The greater ?., the greater 
A. 

Observations in the ultraviolet region were made with an electrophotometer - /14 
with a silver light filter and an FEU-27 photomultiplier (Fig. 4). Brightness 
measurement data in absolute units a r e  1istedinTable 1. It should be noted that 
because of multiple scattering, which comes to play a dominant role in the total 
sky brightness in the UV-region in comparison with the primary event, the 
isophots become even more symmetrical with respect to the scattering angle 
rp = 90". 

Special attention has been given to the region of small angular distances 
from the sun. Separate observations were made of the sky spectral brightness 
(visible region) at scattering angles of 9 = 2 ,  4, 6, 8 to. 10". Figure 5 illustrates 
an example of typical isophots. Listed in Table 2, a, b are  measurement data 
for several days in units of 10-3 cal-cm-2-min-1-pm-1 for different sun posi- 
tions and different values of the turbidity factor. 

3. Comparison with Theory 

In the first  part of this work [ 331, a comparison was made between the 
results of observations and theory, and it was shown which of the principal 
parameters must be taken into consideration for a satisfactory agreement be- 
tween theory and observations. Having more complete direct observational data, 
one can attempt to interpret the basic relationships and characteristics of the de- 
tails in the brightness distribution over the sky, and can then proceed to an ana- 
lysis of the more subtle effects, for example, the effect of polarization of scat- 
tered light, and can also ascertain the possibility of solving the direct problem 
with respect to the polarization characteristics of the radiation field. 
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Figure 4. Observed Isophots of Daytime Sky in 0.34pm Spectral 
Region for Zo= 41': a) June 12, 1964, a.m., g, = 0.48; b) July 30, 

1965, a.m., g, = 0.49. The Values Plotted are B (W/cm2-sterad- 
pm) x 104. 

Some of the disagreement of observations with theory and certain errors  in 
the latter are  revealed in such a detailed comparison. Thus, the increase of A 
with an increase in A, established from sky brightness observations (see also 
[78]), does not agree with data from theoretical analyses [23, 241, which can be 
explained by the fact that more symmetrical indicatrices are  employed in them 
for the smaller optical thickness values (which corresponds to an increase in 
wavelength). 

From the results, listed in Table la, one can trace the variation of the sky 
color. Listed in Table II are the ratios , B  
obtained from our observations (a), from the data of [ 331 (b), and from [23 ,  
241 (c). 

(.~=0.4): B (~=0 ,2 )  for 2 0 =60Q, 
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Figure 5. Isophots of Daytime Sky in Solar Almucantar at 
Small cp: Data From Autumn-Summer Observations (a, b, c). 
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Figure 5. Isophots of Daytime Sky in Solar Almucantar at 
Small cp: Data From WinterObservations (d, e, f). 
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Figure 6 .  Observed (solid lines) Isophots of Clear Daytime 
Sky for z0=6lo, a=O. 553 pm, 43 = 0.82, q = 0.2 (Aug. 27, 

1965, a. m. ) and Theoretical (dashed) for zo =60°. T =  0.20, 

q = 0.2, Indicatrix VI, Without Radiation Absorption by 
Ozone. The Values Plotted a re  B (W/cma-sterad-pm) x lo4. 

Figure 7. Observed (solid lines) and Theoretical (dashed) 
Isophots of Clear Daytime Sky. The Parameters a re  the 
Same as in Fig. 6 ,  but Light Absorption by Ozone is 

Taken into Account for the Theoretical Data. 

The isophots of a clear sky, plotted from observational data and the results 
of theoretical analyses [23 ,  241, a re  shown in Fig. 6 ;  shown in Fig. 7 are the 
results of measurement for the same parameters a s  in Fig. 6 ;  however, the 
theoretical data have been adjusted for ozone absorption by the method developed 
in Part 1 of this work [331. The introduction of this correction brought the 
analytical results appreciably closer to the observed brightness values. 
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The theoretical 123, 241 and observed isophots for an atmosphere with dif- 
ferent parameters a re  shown in Fig. 8. Here, one can observe an incongruity 
in the shape of the isophots and an appreciable difference in the brightness values. 
This difference cannot be associated with ozone absorption (it is small in this 
region of the spectrum) nor with a possible error  in choosing the local albedo. 
It is the result of an inconsistency between the scattering function, assumed in 
the calculations, and that which is actually observed. 

Figure 8. Observed (solid lines) Isophots of Clear Daytime 
Sky for 2 
27, 1965, a.m.) and Theoretical (dashed) for zo = 60", 'c = 

0.4, q = 0.1, Indicatrix VI. The Values Plotted are B (W/ 

= 58.7". g, = 0.6620.01, h = 0.404 pm, q = 0 .1  (Aug. 

cm2-sterad-pm) x 10 4 . 

Figure 9. Observed (solid lines) Isophots of Clear Daytime 
Sky for Z0=58.70, p,, = 0.66 rfr 0.01, h=O. 404pm, q = 0 . 1  

(Aug. 27, 1965, a.m. ) andTheoretical (dashed) for zo = 600, 

x = 0.4 q = 0.1. 
pm) x 104. 

The Values Plotted are B (W/cm2-sterad- 
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The isophots, observed (solid lines) and plotted on the basis of the data of 
[ 331 (for the same atmosphere parameters as in Fig. 8), are presented in Fig. 9. 
The agreement in isophot shape and in brightness values is noticeably better be- 
cause the actually observed wavelength dependence of the shape of the scattering 
indicatrix is taken into consideration in the calculations in [ 33 1. 

- - _  _~ 
0 2.20 2,20 2,20 2,20 2,20 1,88 1,8811.88 1,88 1.88 1.54 1,5411.54 

16; 2.03 2,112,23 2,37 2.37 132 1 3 0  1.84 138 1.89 1.72 1.67 130 ao i , ~  1 3 2  2,24 2,44 2,44 1,77 1 3 0  138 1,89 1 3 3  1.80 1,74 144 
8 - 1,722,192,432,511,57 1,751,841,831,841,881,751.361,07 
Bo - 1,592,032,322,32 - 1,571,741,751,681 821.691,241,12 
76 - 1.32 1,56 1.91 1,89 1,32 1,46 1.48 1.53 1,511l:60 1,511,110,95 

Let us consider the question of whether i t  is possible, without recourse to - /19 
direct measurements, to specify the shape of the scattering function in order 
to derive the actual brightness distribution over the sky. 

1,54 1.54 
1,39 1,39 
i,38 1.38 

1.23 
1,18 
1.05 

TABLE II. Variation of ffCoIorfr Ratios 

where p is the atmosphere transmission coefficient, CF is the scattering angle, 
ma is the atmosphere mass in the direction toward the sun, and 111 (q?-J.) is the 

absolute scattering function. Let us  represent the last quantity as the sum of 
Rayleigh and aerosol components 

The absolute Rayleigh scattering indicatrix can be calculated from the formula 

(1 .4)  

where TJZ is the Rayleigh optical thickness. We represent the aerosol scattering 
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where TD is the aerosol optical thickness for scatter-ig, to(?) is the relative 
scattering function. We assume that a so-called normal [ 501 Junge particle size 
distribution exists in the atmosphere: 

in which Y* =3 and the limiting values of the radii rl and r are  0.04 x lo4 and 
10.0 x 10 cm. 

2 4 

The aerosol scattering indicatrix f~ ( c p ,  k), normalized for the condition 
f D  (90°)=1, is listed in Table 111 for a particle refractive index of m = 1.5 and a 
wavelength of X=0.55 pm. 

TABLE III. Relative Polydisperse Indicatrix 
for flNormalff Junge Distribution 

To I O  I 6 I 1 0 1  2 0 1  3O 

f D  
'Po 

f D  
'p" 

f D  
Po 

f D  

a,? 
40 

7,44 
90 
1 m 
140 

0.699 

65.6 
50 
4.64 
100 

150 
0,781 

0,871 

38,6 
60 

2,97 
110 
0.663 
160 
1.20 

I 20.6 
70 
1.97 
120 
0.614 
170 
1.35 

12.2 
80 
1,37 
130 
0,625 
180 
1.74 

Note: Commas represent decimal points. 

The coefficient k is equal to 1/45. The shape of the aerosol scattering 
indicatrix for a "normal" Junge particle size distribution changes slightly with 
wavelength in the visible portion of the spectrum. For some problems one can 
assume f ~ ( ( p )  is independent of A. In this case, the asymmetry of the scattering 
indicatrix pI(p, i) as  a function of wavelength will be determined by the ratio of 
the values of TR and T D  for each specific day of observations. Since the quantity 
TR increases significantly more rapidly than T D ,  with a decrease in wavelength 
and consequently, with an increase in optical thickness, then the asymmetry 
of the scattering indicatrix PI ((e, k) will decrease with a decrease in wavelength. 

Calculations of multiple scattering and light reflection from the underlying 
surface can be accomplished with the aid of the above-mentioned tables [23 ,  241 
with appropriate interpolation when necessary. 
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Let us  consider how well: the results of direct observations agree with theo- 
retical calculations of sky brightness, made under the assumption of a "normalTt 
Junge particle size distribution. When calculations a re  made using the tables 
of [23, 241, it is adequate to determine experimentally the values of the Bouguer 
optical thickness T ~ ,  the optical absorption thickness T (in the visible region- 

in the Chappuis band) and the albedo of the underlying surface q. A correct com- 
parison of calculations and direct observational data is possible only when the 
experimental e r rors  involved in determining these quantities a re  carefully taken 
into account. 

- /21 

D 

The er ror  in determining the optical thickness of the atmosphere by the 
Bouguer method is the most significant. Thus, if the atmosphere transmission 
coefficient g, is 0.90 and is measured with an accuracy of 1% then the relative 
e r ror  in determining the Bouguer optical thickness Tb = In pbwill be about 10 %. 
The accuracy of the aerosol optical thickness determination T~ = T,,-T~ - 'F 

will be even less . IT 

I 
I ,  1 . . ~  . - .~ . - y o  

20 68 IOU IUO 

Figure 10. Comparison of .Experimental Values of W )  
(points) with Data from Theory (shaded area) for h=0.542 

Pm. 

- _ _  * 
The estimates given here refer to a clear, optically stable day. 
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Shown in Figs. 10 and 11 are values of 

determined from direct observations of the sky brightness in the solar almucantar 
for scattering angles of p 3  20' (points). The maximum day-to-day variations of 
the atmosphere transmission coefficient in the green region of the spectrum ( A = 
0.542pm) did not exceed 2.5%, and in the red (A= 0.634pm)-l. 5%. The solid 
lines define the upper and lower limits of the theoretical values of p(cp), caused 

assumption of a "normal" Junge size distribution of atmospheric aerosols. 
ple scattering of the light was taken into account with the aid of the tables of [ 23, 
241. Average data for the spectral albedo of a grassy surface were used for the 
underlying surface. 

by errors  in the determination of j, and T the limits were calculated under the - /22 lr ' 
Multi- 

Y e  --- .. - I ~. _ _  . ~ - .  
20 60 IO0 I4 0 

Figure 11. Comparison of Experimental Values of P(CP) with 
Data from Theory for h = 0.63 pm. 

Analogous sky brightness calculations were made for different zenith distances 
The Z and azimuth angles Y; the results of the calculations a re  listed in Table 3. 

upper and lower lines give the limits within which the calculated brightness lies 
and the middle line contains the experimental data. 

As  seen from Figs. 10, 11 and Table 3, the observational results agree quite 
well with the results of theoretical calculations. 

An analogous method of calculating the brightness distribution over the day- 
time sky can be used with success for the ultraviolet portion of the spectrum. 
Since the asymmetry of the scattering function.pl(q) in the ultraviolet region of the 
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spectrum due to the influence of Rayleigh scattering is significantly less than in 
the visible, in calculations of multiple light scattering i t  is more suitable to use 
the tables of [61, calculated under the assumption of a Rayleigh indicatrix. 

Calculations of the angular dependence of the quantity d c p )  and direct measure- 
ment data in the solar almucantar a re  shown in Fig. 12  for two summer days of 
observations with a silver light filter (Aeff =0.34 e). The albedo of the underlying 
surface was assumed to be equal to zero in the ultraviolet portion of the spectrum. 
The difference between theoretical and observational data does not exceed 10%. 
Approximately the same differences a re  observed when the results of measure- 
ments and of theoretical calculations of sky brightness for different zenith 
distances 2 and azimuth angles ‘1’ are  compared (Table 4). 

Thus, at scattering angles of cp>10-20° the direct problem-calculation of 
the brightness distribution over the daytime sky-can be solved with sufficient 

aerosol indicatrix corresponding to a “normal“ Junge-type of size distribution 
for atmospheric aerosols. 

accuracy in the visible and ultraviolet spectral regions for a given shape of the - /23 

Let us proceed to a consideration of the possibility of solving the direct 
problem at small scattering angles. 

We have utilized the calculations of E. deBary and K. Bullrich [80]. By 
using data from their previous papers 181, 82, 831, the authors of [801 cal- 
culated the sky brightness for two values of the Junge exponent v=2.5 and v = 4 9  
and two aerosol models (the particle radii lie within the interval from rl = 0.04 

to r = 10pm and from rl = 0. 04 to r = 3 pm). Calculations were also carried 

out by Linke [ 841 for two values of the turbidity factor (T1 = 2 and T2 = 6), defined 

by the formula 

- /24 
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in which TR (0.55) and T D  (0.55) a re  the Rayleigh and aerosol optical thicknesses for a 
for a wavelength of h=0,55pm. The atmosphere is treated as a mixture of a gas- 
eous medium (Rayleigh scattering) and an aerosol. The height HD of the uniform 

aerosol atmosphere is assumed equal to 1.25 Irm. 

Simultaneously with observations of the sky brightness in the visible portion . 
of the spectrum at small distances from the sun (see preceding paragraph), 
measurements were made of the spectral transmission and stability of the atmos- 
phere and, thus, one could determine the turbidity factor T, measure the intensity 
in absolute units and represent the result in a form analogous to the theoretical 
isophots in units of 10-3 cal-cm-2-min-1-lm-l [ 75 J . 

Comparing observations with theory, one can draw the following conclusions. 
First of all it is quite obvious that the aerosol distribution in all our measurements 
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Figure 12. Comparison of Experimental Values of NCF) (circles) 
with Data from Theory (solid line) in 0.34 pm Spectral Region: 
a) July 12, 1964, a.m.,  mO = 2.30, pb = 0.48; b) Sept. 7, 1964, 

a.m., m O  = 2.64,pb = 0.43. 

can be characterized by a value of the exponent V* that is closer to 2.5 than to 
4 (see Figs. 13 and 14). The differences in the shape of the isophots, determined 
from observations (during which a broad and shallow band spectrum is observed 
near I.rO.5 pm) and from calculations for v*==2.5, should be noted. Under other 
conditions, however, drastic deviations from the average value of V *  can be 
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observed. The solution of the direct problem for the aureole zone cannot cor- 
respond well with the actual situation. 

Y 

Figure 13. Theoretical Isophots of Daytime Sky in Solar 
Almucantar 1621 , Calculated in Units of 10-3 cal-cm-2- 

-1 min -pm, 2'22. v*=2.5, Z0=450. The Curves a re  Plotted for 
the Intervals 2.5-5.0-7.5-10.0, etc. 

Let us now consider solving the direct problem with respect to the polari- 
zation characteristics of the daytime sky light. 

4 
i 

I -- 
Fimre  14. The Same a s  in Fig. 13 but for v* = 4 and - 
ZQ = 70". Lower Curve Corresponds to 2.5 Units, Upper- 

5 . 0 .  

Attempts are now being made to reconstruct the polarization pattern of the 
daytime sky with the inclusion of theoretical calculations of the polarization 
components of the scattering functions for a molecular atmosphere and for 
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different aerosol models. Thus, E. de Bary [27, 281 proposed the following 
analysis scheme. The polarization components of the scattered radiation are 
computed separately and then combined: a) for Rayleigh scattering with a 
Rayleigh optical thickness TR from the tables of 161 with multiple light scattering 
taken into account; b) for aerosol scattering with an aerosol optical thickness ?D 

from the tables of [ 141 with only first order scattering taken into account; c) for 
multiple scattering, caused by the presence of an aerosol. The last quantity is 
determined from the tables of [61 as the difference of the components produced 
by all scattering for Y D  (first order + multiple) and by first order scattering for 
-D under the assumption that multiple light scattering processes can be described 
by the Rayleigh model. The second component-the first act of aerosol scat- 
tering-was computed under the assumption of a Junge particle size distribution 
[ 271, 
of the scattering functions for models characterized by v* values, equal to 2.5, 
3 and 4, and by different particle radii limits. 
equal to 1.5. 

The tables of [ 141 contain calculations of the polarization components 

The refractive index is taken 

Certain objections can be raised with respect to the described method pro- 
posed by E. de Bary [271. In the multiple light scattering calculations, reciprocal 
illumination by the aerosol and gas components of the atmosphere is ignored. 
This deficiency can, however, be eliminated in the following manner. Using the 
symbols employed in [27, 281, we write the formula for the degree of light 
polarization in the form 

(1.9) 

where 

The indices 1 and 2 refer to the mutually perpendicular polarization components 
of the scattering functions f. ;  PS and MS designate primary scattering and mul- 
tiple scattering, respectively; the indices R and D refer to the Rayleigh and 
aersol components of the atmosphere; the symbols T D ,  7~ and =D + TR mean that 
the calculations a re  made for the aerosol, Rayleigh and total optical thicknesses, 
The quantity of fiPSRrDis calculated from the known Rayleigh formula with the 
anisotropy of air  molecules taken into account; f t  P S R ~ R  is determined from the 
tables of [ 141. 
ftPSR(TR+fD)-from the Rayleigh formula without molecular anisotropy taken into 
acc om t. 

l 

The quantity of fiMSR('R-kSD) is found from the tables of [ 61 , and 

Thus, Eq. (1.10) enables one to calculate primary scattering exactly, and 
multiple scattering-approximately. Since calculations of multiple scattering 
are made for an optical thickness of T . = ~ ~ D + = ~ ,  then reciprocal illumination by 
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the molecular and aerosol components of the atmosphere is thereby taken into 
consideration in an approximate fashion. 

Let US illustrate the advantage of Eq. (1. lo) ,  compared with E. de Bawls 
Observational data and cal- method, in calculating the degree of polarization. 

culations of the degree of polarization under the assumption of a %ormalff Junge 
particle size distribution, taken from [271 ,  are  shown in Fig. 15, along with 
the results of calculations based on use of Eq. (1.10). Just as  one should ex- 
pect, taking account of the reciprocal illumination by the molecular and aerosol 
components and, to a lesser  extent, taking account of molecular anisotropy led 
to a decrease in the theoretical value of the degree of polarization and to better 
agreement with observed results. 

Below, we will restrict ourselves, 
in interpreting the observational results, 
to cases when the turbidity factor T~a.55 

does not exceed 2 in the A =  0.55 pm re- 
gion, which is equivalent to conditions of 
fairly high atmospheric transmission. 
(With higher atmosphere turbidity the 
method of taking account of the effect of 
multiple light scattering under the 
assumption of a Rayleigh atmosphere 
can obviously introduce significant 
errors).  

Plotted in Fig. 16 a r e  data from 
spectral measurements of the maximum 
degree of polarization in the solar 
vertical for three zenith sun distances, 
made by P. N. Boyko under summer 
conditions in the vicinity of the Astro- 
physics Institute AN KazSSR with the aid 
of a spectro-electrophotometer [ 761. 
Also given here are the results of cal- 
culations of the maximum degree of 
polarization for an underlying surface 
albedo of q = 0 and q = 0.25. A s  seen 
from the figure, the theoretical values 
of the maximum degree of polarization 
agree well with observational data. 

bo (o zo o za u 60 w z '  

Figure 15. Observed (points) and 
Theoretical (shaded regon)  Values 
of the Degree of Polarization in the 
Solar Vertical. Boundaries of the The relative amount of radiation, 
Region are  Determined by Albedo scattered by the I aerosol, is generally 
Values of 0 and 0.25 .  Theoreti- decreased significantly by diffusion flow 
cal Calculations [ 271 are  Depicted with a decrease in wavelength. In the 
by Solid and Dashed Lines: l-A= ultraviolet region of the spectrum at an 
0.65 1m; 2-A= 0 .55  pm; 3-A=0.40 angular distance ofrp=9O0 from the sun, 

Clm. the contribution of the component f r  PSDyD 
in fi (1.10) is negligibly small, so that 

the following formula can be used in calculations of the polarization components: 
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This relation will be valid not only for the solar vertical but also for the solar 
almucantar since in the vicinity of Cp=gO' multiple scattering, as  noted by J. Dave 
[ 851 only slightly alters the position of the polarization plane. 

* P  I 

ado -I 

a u  

0.4 0.5 0.6 47 A , p  
Figure 16. Maximum Polarization 
of Sky Light in Solar Vertical: 1) 

Points-Observational Data, Circles 
and Crosses-Results of Theoreti- 
cal Calculations for Albedos of 0 and 

2 - 50"; 2) Zo f 64"; 3) Zo= 77'. 0- 

0.25. 

The results of calculations and ob- 
servational data on the maximum de- 
gree of polarization in the ultraviolet 
portion of the spectrum are  presented 
in Fig. 17  for the solar vertical (3) 
and the almucantar (1 and 2). From 
this figure it is seen that the obser- 
vational data fall between the theoreti- 
cal values of the degree of polariza- 

P I  

qr ______________--  :=, ------- 

I 2 3 4 5 mo 

Figure 17. Maximum Polarization 
of Sky Light in 0.34 lm Spectral 
Region in Almucantar (1 and 2) 
and in Solar Vertical (3): 1) Aug. 
6, 1965, a.m. g, = 0,479; 2) 

June 4, 1965, a.m. pb = 0.484; 
3) Sept. 11, 1965, a.m.,  g, = 

0.481. Points-Observational 
Data, Circles and Crosses-Re- 
sults of Theoretical Calculations 
for Albedos of 0 and 0.25. Beta 
of Theoretical Calculations for 
Albedos of 0 and 0.25, without 
Polarization of Multiply Scat- 
tering Light taken into Account, 
a re  Represented by Fine and 

Coarse Dashed Lines. 

tion calculated for underlying surface albedos of 0 and 0.25. 

Neglecting the polarization effects of multiple light scattering leads to a 
significant difference between the theoretical and observed values of the degree 
of polarization. The results of calculations of the maximum degree of polari- 
zation in the ultraviolet portion of the spectrum, made under the assumption 
that multiply scattered light is not polarized, a re  represented by the dashed 
lines in Fig. 17: the long dashes correspond to an albedo value of q = 0.25, 
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the short-to q = 0; the theoretical values of P are nearly twice as small as 
the actual values. 

The observational results., represented above, and their comparison with - /28 
theory allow one to draw the following conclusions. 

The direct problem can be solved with an accuracy that is satisfactory €or 
most practical problems, both in the ultraviolet and in the visible regions of 
the spectrum for  a large portion of the sky(cp>10-20c), The only exception is 
the region near the aureole zone ((~>10-20~). Here, large deviations of the 
actual brightness values from their values for the average atmosphere model 
are possible. 

The proposed method for calculating sky polarization enables one to deter- 
mine, for clear days the degree of sky polarization with an e r ror  that is less 
than the e r ror  produced by the normal e r rors  in determining the optical thick- 
ness and localized albedo. 
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Chapter 2 

FUNDAMENTAL OPTICAL PARAMETERS OF THE ATMOSPKERE 

1. Scattering Functions 

Before presenting the results of scattering function measurements, let us 
discuss thedefinitions and symbols adopted in this paper in order to eliminate 
certain ambiguities that occasionally arise because of differences in termin- 
ology. 

Sky brightness observations in the solar dmucantar enable one to determine 
the scattering indicatrix (we denote it by ~ ( c p ) ) ,  relating to the total atmosphere 
height and influenced by the effect of multiple scattering [321. W e  will also call 
it the "absolute brightness indicatrix. w Formally, the function P(CP) is defined by 
the appropriate formula: 

derived with only primary scattering taken into account. If the sky brightness 
B , produced by primary scattering, is determined then the function 1 

represents the scattering indicatrix, calculated over the entire atmosphere 
height [32,  331. And if the latter has a completely defined physical meaning 
(see 331 ), then the indicatrix P((F) only gives a representation of the observed 
sky brightness, weighted by all the secondary effects. Although the rrpurer' scat- 
tering indicatrix ~dcp), is undoubtedly of most interest, the function ~ C F )  has al- 
ways attracted attention not only because existing methods 132, 33, 4l)allow 
one to isolate the primary indicatrix from it but also because of its interrelation- 
ship with other parameters, and also because of the possibility of investigating, 
by means of it, the role of different factors in the radiation of the daytime sky. 

Therefore, being observational material, let u s  first of all present data 

Speaking of the scattering indicatrix Pdcp). let us mention two facts. First, 

concerning the function p ( ~ ) '  and its most characteristic features. 

- /3 0 
since it is calculated over the entire height, for a model of a homogeneous atmos- 
phere one can write 

where p' is the scattering function calculated per unit volume (this elementary 
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volume has a height equal to unity), and H is the height of the homogeneous 
atmosphere. 

Second, the function ipi((p) consists of aerosol and Rayleigh components: 

.t 

or, if this expression is written, in a manner similar to the foregoing, in terms 
of a function relating to a unit volume, we obtain 

The results of observations of the ~ ( ( p )  functions in the visible region of 
the spectrum are  presented in Table 5. 

C 

Figure 18. Absolute Brightness 
Indicatrices ,p(cp): a) June 29, 1962, 
a.m., a- 0.450 pm, pb = 0.77; 

b) Sept. 17, 1962, a.m., a= 0.4 
50pm, pb = 0.73; c) Dec. 20, 
1963, a.m., A = 0.542,pm, g, = 

0.87. 

Absolute brightness indicatrices, 
encompassing the region of small scat- 
tering angles (2!Sy< 1 5 0 - M O O ) ,  which 
were obtained with the aid of a photo- 
electric photometer with automatic 
recording [ 871 in the visible portion of 
the spectrum (arbitrary scale), a r e  
depicted in Fig. 18 in polar coordinates. 

The meteorological conditions 
during the observations were quite dif- 
ferent-from dense haze under summer 
conditions to an exceptionally clear 
winter atmosphere. A s  seen from the 
figure, the shape of the brightness 
indicatrix, especially at small CP (aureole), 
changes markedly from day to day. Thus, 
the ratio 
region can change by more than a factor 
of 15. 

P (2") 
P(90 1 

in the h '= 0.542 pm spectrum 

From the observations it follows that 
the asymmetry of the brightness indica- 
tr ix decreases with a decrease in wave- 
length [32, 881. .This is most noticeable 
when one compares the indicatrices in the 
visible and ultraviolet regions of the spec- 
trum. Summer and winter relative indi- 
catrices , normalized to the condition 
p(90°)=1 in the 0.35 and 0.69pm spectral 

regions, are  presented in Fig. 19 as an example. 
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We will characterize the shape of the indicatrix P(CP) by the ratio of the light 
fluxes scattered in the forward and backward hemispheres, 

The values of r. obtained from observational data in different spectral re- - /31 
gions, are listed in Table 4. 

TABLE IV, Values of the Asymmetry 
Quantities r and r, 

Date 

7. vI1962. a. m. 

29. VI 1962. a. m. 

80. VI 1962 a. m. 
9. IX 19132. a. m. 

IT. Ix 1982. a.m. 

1- 
I 

0.684 
0.642 
0.m 
0.W 
0.642 
0,450 
0.634 
0.642 
0,634 
0.642 
0 . M  
0.634 
0.542 
0.450 

~ 

2.83 
2.10 

2.20 
1 ,= 
1.67 
2.02 
1.80 
2.09 
2 . a  
1 ,77 
3.18 
2.40 
1.82 

1 .m 

Note: Commas represent decimal points. 

Let us  introduce the optical thickness 7, defined by the formula: 
0 ,  

s *o = 25~. p (cpj sin (p dy. 
0 

Since the function ~(9). is the scattering indicatrix, weighted by multiple 
scattering and light reflection from the underlying surface, then the quantity 
rl is the optical thickness, modified by the above-mentioned effects. The con- 
cept of the quantity rb was introduced by E. V. Pyaskovskaya-Fesenkova [321 
and was found to be very convenient for treating a number of atmospheric light 
scattering problems. 

0 

As a rule, most researchers have measured indicatrices in the scattering 
angle intervalCcp>lO?, and sometimes-?>, 15” 1431 and to determine $, they 
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extrapolate the quantity , ~ ( c p )  into the region of small scattering angles. It is 
usually assumed that the product P(cp) sinq. in the region O"< y<lO" is small, and 
the error  in determining the form of p(cp)= p ( l O " ) =  const through extrapolation is 
small. Measurements of the total brightness indicatrices made it possible to 
estimate the magnitude of this e r ror  [89l 
of the spectrum, the values of =o are  reduced by 4-5% as a result of the extra- 
polation, and the e r ror  can amount to 10% only at high turbidities. In the ultra- 
violet portion of the spectrum this e r ror  is significantly less since the aureole 
around the sun decreases with a decrease in wavelength. 

It was found that in the visible portion 

With an equivalent value of 'coy all the absolute brightness indicatrices ~ ( c p ) ,  

obtained through measurements of the sky brightness in the visible and ultra- 
violet spectral regions under summer and winter conditions, intersect near an 
angular distance from the sun (9=57"), which can be used to interpret the ob- 
servational results both for small and large atmosphere optical thickness [ 32 , 
33, 411. 

Let us discuss the empirical formulas describing the atmosphere brightness /33 - 
indicatrix. According to the data of various authors [ 13, 90, 913 , at small 
scattering angles (0" 4 6  5-8") the indicatrix is quite well approximated by the 
Van de Hulst formula 

The parameter q, characterizing the elongation of the indicatrix, can vary 
from 0.9 to 1.9 in the visible portion of the spectrum under summer conditions 
and amounts to about 1.5 on the average. At scattering angles of 2"<?5 150-160", 
the indicatrix, on the whole, can be represented by the following relation [411: 

f (c) = 1 + B (e-3' - 0.009) + Q cos2 p + Se-a?, (2.8) 

i. e. , by the formula of V. A. Krat [421 , to which is added an exponential term 
that takes account of the aureole around the sun. The parameter S can vary from 
35 to 515 in the visible portion of the spectrum, depending on the meteorological 
conditions and the wavelength. The possible variations of the parameters B and 
Q have been discussed in Part  1 of this paper [ 33 1.  

There a re  a number of methods [32, 33, 411 , yielding quite similar results, 
for isolating the scattering indicatrix Pdcp). It is obviously necessary to take 
account of multiple scattering and light reflection from the underlying surface, 
as  well as  radiation absorption. In particular, if the scattering optical thickness 
is small ('51 Q 0.2-0.3) and the asymmetry of the indicatrix 
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I I I  

I F 
b 

a 
Figure 19. Relative Brightness 
Indicatrices in the Visible (0.634 
lm-circles) and Ultraviolet (0. 
35 lm-points) Spectral Regions: 
a) June 30, 1962, a.m. : b) Dec. 

19, 1963, a.m. 

does not exceed 2.5-3,  then multiple light 
scattering can be assumed to be independent 
of the scattering angle [791 and the method 
of E. V. Pyaskovskaya-Fesenkova can be 
used for isolating the quantity pi(cp) [ 321 : 

In this last expression the Bouguer 
optical thickness of the atmosphere is 
designated by T ~ ;  the optical thickness 
caused by light absorption alone is desig- 
nated by T a' 

It should be noted that it is very 
important to take account of radiation 
absorption by the gaseous component of 
the atmosphere. With a low spectral 
resolution, the major gaseous component 
of the atmosphere, markedly absorbing 
radiation throughout almost the entire 
visible portion of the spectrum, is atmos- 
pheric ozone, forming a fairly broad 
absorption band-from 0.44 to 0 .75  pm with 
a maximum near 0.60ym. The question of 
light absorption by the atmosphere aerosol 
will be treated, to some extent, below. 
Beforehand, let us mention that in a 
mountainous locality, remote from in- 
dustrial centers, the role of this factor is 
small. 

Let us estimate the accuracy with which 
the absolute scattering indicatrix p~(cp'l can 
be isolated from sky brightness observa- 
tion data. We select the results of ob- 
servations on those days when neglecting 
the azimuth effect of multiple scattering 
does not introduce a significant e r ror  
(small rl and slight indicatrix asymmetry). 
In this case, Eq. (2.10)  can be used. We 
assume that the method of determining 
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pl (cp) ,  by itself, is absolutely precise. Then the e r ro r  in determining PI((P) 

and on the e r rors  in their determination. If the quantity ~ ( 9 )  is measured with 
a relative e r ror  of 5%, the atmospheric transmission coefficient p (for man- 
datory control of the stability of i ts  optical properties) -with an accuracy of 1% 
and the quantity %,-with an accuracy of 20-30%, then the e r ror  in determining 

the quantity PI(CP) even outside the absorption band varies within the limits from 
5% at small values of CP to 20% at cp=90°. 

depend on the absolute values of the quantities, entering into the latter equation, - /34 

Since the effect of multiple scattering and light reflection from the underlying 
surface on the indicatrix is eliminated, i ts  asymmetry increases. The data of 
Table 4, in which values of Z' and Z'l. calculated from Eqs. ( 2 . 5 )  and (2 .9 )  are 
listed, confirm this. Nevertheless, the general character of the wavelength de- 
pendence of the quantity 
decreases with a decrease in wavelength. Thus, multiple light scattering alone 
cannot be responsible for the decrease in the asymmetry of the observed bright- 
ness indicatrix P((p) with a decrease in A. This agrees with the conclusions of [32J. 

remains the same as before: the indicatrix asymmetry 

A s  an illustration, the results of an approximation of the scattering indicatrix 
in three spectral regions by the formula 

are shown in Fig. 20 for two days of observations after a rain and in the presence 
of haze. The empirical formula, derived for the atmospheric brightness indicatrix 
with appropriate values of the parameters B 1, Q1 and Sly remains valid for the 
scattering indicatrix  PI(^). 

In this case the scattering optical thickness 

(2.12) 

will be equal to 

(2.13) 
1 = 4xFi(9O0) * (1 + 0.041 B1+ Q1 + 0.00039 5'1)- 

A detailed analysis of the e r rors  in determining the quantity PD((P) (Table 5) 
shows that the aerosol scattering indicatrix can be isolated only for scattering 
angles of g,<90°. The errors  in determining the rear  portion of the scattering 
indicatrix exceed the pD(y) values. Therefore all the results of determining 
pD(cp)  In the visible portion of the spectrum, entering into every textbook and 
monograph [32,  58, 351, and also in the first  part of this paper [331 , do not 
reflect the true optical properties of the aerosol. As seen from Table 5, the 
aerosol scattering indicatrix can be determined with an accuracy of <lo% only 
at scattering angle of (f<lO--15". 

36 



Let us discuss some properties of the aerosol scattering indicatrix. First  
of all, let us consider the results of autumn-summer spectral measurements of 
indicatrices at angles of ~=2--8". 

a b 

C d 

Figure 20. 
Represented by Eqs. (2.8) and (2.11): a) June 29, 1962, a. m. = 
0.450pm; b) June 29, 1962, a.m., A = 0.634~111; c )  Sept. 17, 1962, 
a. m. , h = 0.542 p m ;  d) Sept. 17, 1962, a. m. , A = 0.634pm. Approxi- 

Brightness (circles) and Scattering (points) Indicatrices, 

matir,g.Function is Represented by Solid Line. 

The value of P D  (2") in the h=0.553 pm spectral region can vary from 0.168 
(Oct. 4, a.m.) to 4.0 (Aug. 18, a.m.), i. e. , by about a factor of 24 (Table 6). 
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These variations decrease with an increase in the scattering angle. Thus, P D  (8") 
is changed by a factor of 14 in this same spectral region. If the asymmetry of 
the aerosol scattering indicatrix at small cp angles is characterized by the ratio 
T O =  - , then the quantity 'TO can: remain constant (13 out of 27 series of 

measurements), increase in the short wavelength (9 series) o r  in the long wave- 
length portion of the spectrum (3 series). For all days on which observations 
were made, P D  (2") characteristically increased with a decrease in wavelength, 
with a more or  less well-pronounced maximum frequently (15 cases out of 50) 
appearing, primarily in the h=0,42-0.47 pm portion of the spectrum. Such a 

phere, of aerosol particles with some preferential radius r 
pm [153]. 

P D ( ~  ) 

spectral dependence for the quantity P D  indicates the presence, in the atmos- - /36 
---(L4--0,5 eff 

1.9 
4.2 
s,a 
9.8 

TABLE V. pD(cp) Values and Errors in Their 

0.344 6 
0,131 6 
0,097 7 
o . o m  9 

1.90,272 
4,20,106 
5.80,071 
9.80,0369 

14,70,0237 
19,50,0174 
29,3 0,0117 
39,00,0081 
48,70.0057 
58,40,0046 
77.80.0022 
87.3 0,0017 

124,3 0,0012 
148,20,0009100 - - -  - - -  

010378 I 0,0299 1 :! 
29.7 0,0212 13 

5 
5 
6 
6 
7 
9 

11 
14 
18 
22 
43 
55 
88 

39.6 I 0.0133 17 
59.0 0.0054 I 35 

1.9 
4.2 
6,8 
9,8 

14,7 
19,5 
29.3 
39,O 
48.7 
58,l 
67.7 
77,3 
86.7 

105,1 
123,O 
139,5 
152,O 

14412 I 0:OOOl 11800 
151.8 0,0001 MOO 

0,217 
0,080 
0,0537 
0,0317 
0.0216 
0,0168 
0;0122 
0,0083 
0,0057 
0,0034 
0,0027 
0,0019 
0,001 
0,0006 
0,0003 
0.0002 
0,0004 

Determination 
~~ 

kO.542 p 

5 
6 
6 
8 

10 
11 
15 
18 
25 
38 
48 
63 

109 

400 
600 
320 

200 

1=0.634 p 

- 1 - 1 -  
Note: Commas represent decimal points. 

It is characteristic for the absolute values of PLAT) to decrease for winter 
conditions, compared with summer (Table 7). 
P D  (29 assumed a value from 0.091 (Jan. 13, a.m. ) to 0.81 (Feb. 11, a.m.). 
The quantity TO, characterizing the indicatrix asymmetry, was independent of 
cp at small A values in 10 cases, and in -12 cases i t  increased monotonically with 
an increase in wavelength. Curves of Po ( ~ " ) = P D  (A) often have a maximum in 
one region of the spectrum o r  another (13 cases out of 31). 

Thus, for h=0.553 pm for  function 

Let us consider the results of studies of certain optical characteristics of 
aerosol mists, causing transient variations in atmospheric conditions. 

The observations were made at the observatory of the Astrophysics Institute 
AN KazSSR in 1965-1966 with the aid of the spectro-electrophotometer described 
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in Part 1 of this paper [33]. The direct and scattered solar radiation in the 
solar almucantar were measured at an angular distance of ~=2--10" and cp=57' 
from the sun. A period of 10-12 minutes elapsed during such a series of mea- 
surements. In the presence of dense hazes (usually after noon) the direct and 
scattered radiation were only measured at  q=2" (this took - 3 minutes). 

As indicated previously, in an optically stable atmosphere the observed 
indicatrix (visual portion of the spectrum) remains constant as the solar zenith 
distance changes. Variations in the directional light scattering coefficient P.(CP) 
indicate fluctuations in the aerosol component of the atmosphere. Knowing the 
quantity ti' and the total optical thickness T' of the atmosphere in a stable period 
and after a change in its properties-P'' and T", one can determine the optical 
parameters of the atmospheric haze ph= 1 P ' l  P" I andTh= i T'--"'I. It mustbe 
stated that i f  this is more o r  less valid for small scattering angles where one 
can neglect the variation of contributions caused by multiple scattering, then at 
large CP this method of determining the haze scattering function ph requires a 
more rigorous consideration of multiple scattering. 

Brightness changes at small CP are caused primarily by variations in the 
coarse fraction of the aerosol. 
of sky brightness measurements at ~ > 2 0 "  are difficult in view of the large errors  
in determining P h  (50% and more). 

Studies of the fine fraction of haze on the basis 

For the reasons cited above, major attention was directed to the study of the 
scattering functions of atmospheric haze Ph at small angles CP and of its optical 
thickness "h' Let us consider the aerosol haze characteristics determined by 
us. In Tables 8 and 9 data a re  presented on the optical thicknesses and scat- 
tering functions of autumn-summer and winter hazes. 
'Ph(2") for A=O.553 pm vary within the limits 0.01 Q ~ ~ 4 0 . 0 6  and 0.006<ph(2")< 0.29; 
0.02<,<-h< 0.015 and 0.024< ph(2')G 0.80 respectively, for winter and autumn- 
summer observations. In view of the fact that the errors  in determining the 
values of ch and pLh vary from day to day, in each specific case i t  is necessary 
to determine the absolute e r ror  of the desired quantity (Tables 8 and 9). 

The values of =h and 

Curves of the spectral dependence of the ph function at T= 2" and of the op- 
Changes in tical thickness s.~(I). of the haze are  presented in Figs. 21 and 22. 

atmospheric conditions produce quite drastic changes in the optical properties 
of hazes even over a short interval of time. The scattering functions P at CP=57" 

also reflect variations in the haze particle composition. 
h 

However, in spite of the large variety of curve shapes, the functions P (2") = h 
ph 0.1 and = = 7 0.) can be grouped into definite classes. Four types of curves can 
be identified in terms of the nature of the wavelength dependence of the function 

1) Ph(2") is independent of h (constitutes 25% of the 55 autumn-summer and 

h h  

Ph(2") 

7% of the 59 winter curves); 
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2) P (2") increases more o r  less monotonically with a decrease in h (32% h 
of the autumn-summer and 41% of the winter measurements); 

3) pfo)= ph 0.) with maxima and minima in different portions of the visible 

spectrum (36% of the autumn-summer and 42% of the winter hazes); 

4) the value of the functiontLh(2") decreases in the short wavelength region 

(7% of the autumn-summer and 10% of the winter measurements). 

Curves of the spectral dependence of the optical thickness of a haze can be 
divided into 3 groups: 1) the nonselective type of i,#) dependence is charac- 

teristic of one-tenth of the autumn-summer series and two out of thirteen winter 
series; 2) four summer and seven winter hazes are  distinguished by an increase 
in optical thickness rb at small A; 3) the curves of T~ = Th(A) exhibit maxima and 

minima in various regions of the spectrum for five autumn-summer and four 
winter hazes. 

An attempt was made to represent the optical thickness of haze in the form 
= k/P (k and n a re  certain constants). However, this was  not always possible. 'h 

In those cases when such a relationships does exist, the values of n often varied, 
depending on the spectral region. Results of a determination of the exponent n 
are  presented in Table 6 (the lines indicate that n could not be determined). 

A s  seen from the table, the n values lie within a broad interval (from n = - 
5.33  to n = 4.57). We note that such large values (both positive and negative) 
a re  characteristic of the T h o  relationship when maxima and minima are  present 
on the curve. In some cases the entire visible region of the spectrum is charac- 
terized by one value of n. 
characterized by an exponent n = 0.00, if the 0.553-0.693 pm region (where the 
value of T, is observed to rise) is excluded, were observed on two days (Jan. 7 

and May 15, 1965, a.m.). 

- /38 

Hazes, having an optical thickness which could be 

h 

A s  seen from the character of the spectral dependence curves of the scat- 
tering function 62" )  and of the optical thickness ~ ~ 0 . )  (see Figs. 21 and 22), one - /39 
can, in many cases, speak of the existence of a preferential particle size ap- 
pearing in the aerosol haze. For autumn-summer hazes the value of ~ ~ ( 2 ~ )  

reaches a maximum in the regions: 0.420-0.430pm (3  cases), 0.450-0.460 pm 
(3 cases), 0.520pm (1 case), An analysis of the ~ ~ ( 1 )  and P 0.) curves for the 
same haze (Fig. 24) leads to these results: on Sept. 20 the rh and P (29 values 
reach a maximum at 1 ~ 0 . 4 2 5  pm; on Oct. 8 and Octo 9 a r ise  a t  A=0.470pm was 
observed in the haze optical thickness curve ~ ~ ' ( 1 ) ;  however, it is not detected 

from measurements of P;2')=PhO4. A fairly broad maximum, centered at A= 

of the radiation that is scattered most, one can estimate the effective particle 

h 

h 

0.450 pm, was observed in the ~ ~ 0 . 1  curve on June 7. Knowing the wavelength /* 
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a d .  

a b 

Figure 21. Spectral Dependence of Scattering Function ph of 

Atmosphere Haze at cp=2": a) Autumn-Summer Observations: 
1-May 6, 2-June 5, 3-May 12,  4-Oct. 9, 5-Oct. 16 ,  6-Oct. 
14, (1965, a.m. ); b) Winter Observations: 1-Dec. 13, a. m. , 
2-Dec. 13, p.m. , 3-Dec. 10, p. m. (19651, 4-Jan. 10, a.m. , 
5-Jan. 12, a.m. , 6-Jan. 13, a.m. , 7-Feb. 10, p.m. , 

9-Feb. 14, p.m. (1966). 
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Figure 22. Spectral Dependence of Optical Thickness rh of Atmos- 

phere Haze: a) Autumn-Summer Observations: 1-0ct. 9, 2--0ct. 
8, 3-Sept. 20, 4-Sept. 18, 5-Aug. 18, 6-June 7, 7-May 15 
(1965), a.m. ); b) Winter Observations: 1-Jan. 13, a.m. (1966), 
2-Dec. 17, a.m. , 3-Dec. 13, a.m. , 4-Jan. 7, p.m. , 5-Jan. 
4, a.m., 6-Jan. 4, p.m. , 7-Jan. 4, a.m. (1965), 8-Dec. 28, 

a.m. (1964). 
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radius reB -1 [ 1531 

limits 0.42 4 reff Q 0.52 pm. 

For different hazes the value of reff varies within the 

r 

~. * - - -  .-- 
4811 $60 6do ' 7iU . 

Figure 23. Spectral Dependence of Atmosphere Haze Scat- 
tering F u n c t i o ~ ~  at ~ ' 5 7 " :  1-16.X, 2 ,  3-9.X, 4-14.X 

(1965, a.m.). 

In winter, analogous maxima in the spectral dependence curve ~ ~ ( 2 ' )  = I.L 0) h 
Thus, a "peak" is observed at  are shifted toward the long wavelength region. 

h =0.650 pm (Feb. 14, p.m.), 0.620pm (Feb. 10, p.m.); maxima are also 
encountered at h =0.520 pni (3 cases), in the h= 0.490-0.500 / /m region (2 cases), 
a= 0.470 pm (1 case), h= 0.425p.m (2 cases). Thus, particles with a preferential 
size (reff = 0.42-0.65 pm) a re  also often observed in the aerosol distribution 

of winter hazes. 

A s  already mentioned, in a number of cases the curves of P.h (2")= tsho') have 
minima which are  possible explained by a deficiency of one particle size or  
another in the atmospheric haze. 

It is interesting to compare our data with theoretical calculations of the 
scattering functions of a polydisperse aerosol for a Junge type of particle size 
distribution [ 14, 741. Previously, we attempted to represent the indicatrices 
obtained for some hazes by the Van de Hulst formula at small angles 9 (Fig, 25, 
Table VIJJ 

The value of q lies in the interval 1.2 4 q 4 2.8 (ignoring two cases when 
q = 0.5 and q = 0.2). For the same haze, the character of the angular dependence 
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TABLE VI. n Values from Data for Winter and 
Autumn-Summer Measurements 

Winter measurements I Autumn-summer measurements 

-0957 
4,57 

2.40 

0.70 

Date Haze 
I N O .  

I 2RXIIlWa.m. 1 
e I 1  

0.735--0,495115. V 1965. a. m 
0,495-0.4231 

0,700,735-0,423 
0,735-0,423 b 

W 

0,735-0,423 
2,400,735-0.423 

'.I 1 
1 
2 
3 
3 

0.00 - 
0.00 

2,OO 
-0.90 

0.89 
3,13 

-2.65 

0.00 

0,735-0.553 

l,OO0.735-0,410 
0,520-0.410 

0,735-0,593 
0,000,553-0,447 

-5,330,470-0,410 

0,470-0.410 
0,470-0,735 

0,000,735-0,593 

0.691-0,470 
0.447-0,410 

0,735-0,410 

l,MO.735-0,495 

0,593-0.410 

4 1  1985.a.m. 

4. I 1965. a. m. 

b. 

? 

. VI 1965. a. 

.VIU 19654. 

. IX 1965, a. 

IX 1965. a. 

X1965, a. 

1 
2 

1 
2 

m. 

m. 
I 

m. 

4.'1 1965. p.m. 
7. I 1965, a.m. 

e 
e 
e 
e 

1 
1 
1 
1 
2 
2 
3 

Note: Commas represent decimal points. 

0.00 
0,00 

0,82 
0.00 
2.66 
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Figure 24. Spectral Dependence 
of Scattering Function ~ ~ ( 2 9  (circles) 
and of Optical Thickness ' F ~  (poirts) 
of Atmosphere Haze: 1-Oct. 9,  
a.m., 2-Oct. 8, p.m., 3-Sept. 

20, a.m. (1965). 

0,000,508-0.447 18. 
0.691-0.553) 
0.508-0,447 20. 

1,750,772-0.410 
0,000,470-0,410 

0,772-0,495 3. 
0.735-0,617 
0,593-0,410 

of the scattering functions varies with 
wavelength. Thus, the Sept. 17 in- 
dicatrices for the short wavelength 
region were more asymmetrical than 
for large h (q increases toward 
smaller I . ) .  In two cases a significant 
difference was observed in the shape 
of the P (cp) curve for h=410 and i.=450 
millimicrons (see data for May 15 and 
Sept. 17). 
theor e tic ally calculated indicatric e s  
[ 141 of a polydisperse aerosol with 
a Junge type of particle size distri- 
bution were found to be: q = 0.7 for 
v*=3, q = 1.2 for v*=2.5, and q = 1 . 7  
for v*=2 .  Thus, in many cases the 
P = fL (7) curves a re  steeper than the h h  
indicatrices calculated for a value of 
v* = 2. 

h 

The q values for the 

/A 

Some rlh(') functions a re  
characterized by a Junge exponent lying within the interval 2 4 v* < 2.5. In two 
cases the haze indicatrices were less elongated forward than the corresponding 
theoretical curves for v*=3.  

It is of interest to consider some average characteristics of atmospheric 
haze. The results of averaging the scattering function at 9=2" (for 42 autumn- 
summer and 8 winter days) are shown in Figs. 26 and 27. We note that the values 
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of 

autumn-summer observations, exceed 
the values of the corresponding 
parameters of winter haze, which 
indicates that the haze is generally 
denser in the summertime than in the 
winter. The average values of the 
function ?hi(2') and of the optical 
thickness T , . ~ ,  for both summer and 
winter hazes, increase in the short 
wavelength spectral region, with the 

and especially F , ~ ,  from the 3' 

0.T72 
0.850 
0,350 
0,450 
0,410 

- 
.r 'h@) curve from the winter obser- 

vations being steeper than the analogous 

However, the value of &(2") for a 
winter haze increases toward short 

em 0.1 070 0.w uo 

Figure 25. Haze Indicatrix at curve for the autumn-summer period. 
Small cp According to Van de Hulst. 

wavelengths somewhat more slowly than the average values of the light scattering 
function of an autumn-summer haze. 

1.9 1.9 1.5 2.6 
2.1 1,8 2.6 

296 
1.9 

- 1.3 1.5 - - 1,5 - 
- - - - 

0.730 
0,650 
0,550 
0.450 
0,410 

Summer haze 

2.8 1.4 2.2 1.9 1.9 
1,8 2.1 1.9 1.9 
2.2 1.9 2,3 1.5 1.9 - 292 2,o 0.5 1.9 

1.9 1,g 0.2 - - 

It is of considerable interest to find out not only the particle distribution 
of the atmospheric haze but also what their physical structure is. We attempted 
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to draw a conclusion concerning the haze composition (dry or wet) by comparing 
the daytime :behavior of the absolute humidity in the vicinity of the observations 
(it was measured about 100 meters below the observatory) and the total scattering 
function at an angle of cp=2". The fact that T. P. Toropova [941 observed, for 
our locale, a close correlation (the correlation coefficient was equal to 0.87k0.03) 
between the absolute humidity at the earth's surface and the amount of water vapor 
in the atmosphere attests to the competence of such an analysis. 

- /42 

Synchronized fluctuations of the absolute humidity and the value of I.L (2") 
were observed on only one of ten autumn-summer days (June 15, 1965, a. mo).  
For all the other days, however, the character of the variations of CL (2") and of 
the humidity with time were often quite different from each other (Fig. 28). In 
the autumn-summer period the absolute humidity frequently remained constant 
during the midday low-pressure when a dense haze appeared from the direction 
of the city. From this one can conclude that it consists primarily of dry particles. - /43 

- 
'h I 

'-I---=-- boc - - i v - j ~  Mo i o  A 

Figure 26. Spectral Dependence 
of Average Scattering Function 
P of Atmosphere Haze at rp=29 h 
Points-Autumn-Summer, Ci r -  
cles-Winter Observations. 

our- 

-- ---It* 
8' J' t I:* 

Figure 28. Example of Daytime 
Variation of Absolute Humidity w 
(crosses) and of the Directed Scat- 
tering Coefficient ~ ( 2 ' )  (points) ; A- 
0.553 pm (summer observations). 

- 
'h I .  

Figure 27. Spectral Dependence 
of Average Haze Optical Thick- 
ness. Circles-Autumn-Summer, 
Crosses-Winter Observations. 

i' i' 
Figure 29. The Same as  in Fig. 
28 (winter observations. ). 
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The interpretation of the- winter time observations, however, is less definite. 
A distinct correlation between the temporal behavior of the directional scattering 
coefficient 14 (2") and the absolute humidity is noted on 6 of 16 days (Fig. 29). On 
two days the connection between humidity variation and variations in the value 
of i.r (2") was observed only at midday when the dense haze appears. On the remain- 
ing days the fluctuations of p (2") were practically unrelated to the absolute hu- 
midity variations. An increase in the P (29 function was accompained both by 
a decrease and increase in humidity. 

Thus, it is impossible to draw a definite conclusion concerning the pre- 
dominance of dry or wet atmospheric haze particles under winter conditions. 
This conclusion agrees with the results of [ 58, 951. 

2. Optical Thickness. Atmosphere Stability 

Spectral measurements of atmosphere transmission have recently been made 
at the Astrophysics Institute AN KazSSR in conjunction with the sky brightness 
observations, at small angular distances from the sun, described above. The 
measurements were made on the spectrophotometer with automatic spectrum re- 
cording described in Part  1 of this paper [ 331. Atmosphere transmission coef- 
ficients have been measured by various observers on the V. G. Fesenkov photo- 
meter, fitted with three Schott filters-blue = 0.455 pm), green (Aeff = 0. 546 
pm) and red 

the direction of Ye. V. Pyaskovskaya-Fresenkova. 
= 0. E36,um), for a long period of time, starting in 1946, under 

Analyzing the data from the aureole photometer observations , we separated 
out the data relating to quasi-stable periods and to periods of serious deviations 
from stability. We will present some results of analyzing the observations during 
the 1949-1963 period. 

Figure 30. Circles Correspond to I.= OO636pm, Points-to 
h= 0.546 lm, Crosses-to k= 0.445pm. 

The behavior of the transmission is shown in Fig. 30 for all the years of 
observations with the aureole photometer at heff = 0.445, 0.546 and 0.636pm. 

Each point represents the value of p, averaged over a month (unfortunately, 
data do not exist for all the years and the months of each year). 
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2 I I II amonths 

MQ- #6f years 
Figure 31. Average An- 
nual Transmission Varia- 
tion. Circles Correspond 
to h= 0.636 bm, Points-to 

The average annual behavior of the trans- - /44 
mission (from data for all the years) is shown 
in Fig. 31. The points reflect the p values over 
a ten-day period of the designated month. 

The results of determining the average 
transmission and the limits of i ts  variation 
durihg the entire period and during the individual 
seasons are  listed in Table 10 (the corresponding 
optical thickness values a re  enclosed within the 
parentheses). From the table it is seen that the 
highest transmission is observed in winter, a 
somewhat lower value-in the autumn, and a still 
lower value-in spring and in summer; the extent 
to which this is true varies for different spec- 
tral regions. It should be realized that the num- 
ber of measurements is quite different for each 
season (most observations were made in the 
autumn). The transmission is clearly lower in 
the afternoon than in the morning. 

1=0.546pm; Crosses-to After representing the A dependence of the h= 0.445 pm. 
aerosol optical thickness = D  in the form T D  =I" k 
o r  Ig = D  = c--n lg 1, one can attempt to determine 

tne exponent n for those series of measurements where a linear dependence of 
Ig =D on Ig  1 is observed. Of the 26 series of measurements' represented here, 
18 were characterized either by a nonselective dependence of T D  on 1, o r  by a de- 
crease of = D  with an increase in wavelength. In five cases a maximum and in 
two cases a minimum was observed at iL=546 pm. One series shaved an increase 
of = D  with k .  
the dependence of lg = D  on Ig 1 was linear. The results a re  shown in Table 8. The 
average value of n is equal to 0.81, and the range of variation of n is quite large- 
from 0.30 to 2.15. 

The exponent n could be determined for 11 of the 18 series because 

Thus, from quite a large series of observations i t  is seen that the use of a 
certain exponent n cannot always be justified to characterize the spectral depen- 
dence of the aerosol optical thickness. An increase of to with a decrease in a or 
a nonselective dependence on h is observed in only 70% of the cases, but of these 
the number of series,  for which a linear dependence of I g s ~  on Ig 1, exists, amounts 
to less than half (about 40%) of the total number of series. The exponent n of the 
individual series can differ drastically from the average value. 

Values of the total optical thickness Th and of the aerosol optical thickness 
T D ,  determined under typically quasi-stable conditions, a re  shown in Figs. 32 
and 33, respectively. The optical thickness values a re  rounded off to hundredths 
and are  grouped. 

From the figures it is seen that the range of variation of the optical thickness 
values increases with an increase in wavelength. For a= 0.445 pm the optical 
thickness can vary byabouta factor of two from series to series,  by a factor of 
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TABLE Vm. 
. .  

Date n 

12. IlT 1953, p.m. 
4. VI 1953, a.m. 

15. IX 1954, a.m. 
6. X 1954, p.m. 
7. X 1954, a.m. 
8. X 1954, a.m. 
9. X 1954, a.m. 
9. X 1954, p.m. 

24. X 1954, p.m. 
11. VTT 1955, p.m. 
15. VI11 1955, p.m. 

0.52 
0.59 
1.12 
0.80 
1.35 
0.75 
1.10 
0.62 
0.83 
0.96 
0.30 

= 2.5 for h=O. 546 pm, and by almost a 
factor of four for h=O. 636 pm. This is 
associated with an increase in the im- 
portance of the Rayleigh optical thickness 
in the short wavelength region of the spec- 
trum and with the fact that the aerosol 
optical thickness TD depends weakly on h 
(Fig. 34). Of special interest is the fact 
that the frequency with which certain values 
of and T D  a re  observed is char- 

acterized by a bell-shaped curve with a 
fairly sharp maximum; certain average 
optical thickness values a re  observed 
very frequently whereas examples of 
appreciable deviations from these average 
values a re  rare. 

- /47 

n 0.81 There is no doubt that Th and T D  values, 

lying within wider limits, would be observed 
if a larger mass of data were used. But 

avg 

the relationships for quasi- stable periods remain basically the same. 

The method, described in the first part [331 , for monitoring atmospheric 
transmission from the slope of the line I g m = f ( m g )  B is very useful in interpreting 

0 the spec tral measurements presented below. 

The results of spectral observations of the transmission, determined by two 
B 

methods-according to Bouguer (%) and from the slope of the line Ig-=-- f (m 0 1  

Po)-are given in Table 11. Values of the instability factor x (Oh), which sometimes 

vary markedly over the spectrum, were determined on a number of days. On 
Jan. 6, 1965 and June 5, 1965 the x factor was practically equal to zero. This 
means that in this case the instrument errors  are  greater than the errors  pro- 
duced by the change in the atmosphere optical properties. It makes sense in only 
this case to determine the rms  error  in the value of p, by the least squares 
methods. 

mO 

Cases of such stability a re  extremely rare. It usually amounts to 
B about 2-3% An example of the daytime behavior of Ig 

function of the atmosphere mass m g  is presented in 

, ]g E and p (2") a s  a 

35, a, (x=2,5T0).  

The parallelism of the line, representing the daytime variation of p (2'1, and 
the abscissa axis, which indicates the degree of transmission variation [ 32 I , is 
diskrbed when the instability is large. If Ig - is a linear function of the atmos- 

phere mass ma, then one can determine the factor x. Figure 35.b, in which the 
results of observations on Sept. 18, 1965, a. m. , are  presented, exemplifies 
such a quasi-stable day. The function p (2") has a marked slope with respect to 
the abscissa axis (curves 3). The transmission increased until noon. The slopes 

mO /48 

of the lines-l3ouguer and Ig B = f (mg)-are different; x = 8 % . 
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406 908 412 (216 f220 024 rb 
Figure 32. Range of Variations of the Bouguer Optical 
Thicknesses Tb, N is the Number of Measurement Series. 
a) A =  0.445 pm, b) A =  0.’546 p m ,  c) A =  0.635 pm. 
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Figure 33. Range of Variations of Aerosol Optical 
Thicknesses TD. a) h = 0.445 pm, b) h = 0.546 pm, 

c)  A= 0.635 Dm. 
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Figure 34. Dependence of TD on h (circles-summer, 
points-winter data). 

Numerical values of the optical density D of the atmospheric aerosol are 
listed in Table 12 for different h, the errors ,  which depend on the degree of 
atmospheric stability and can be estimated from the x factor, are  indicated. 

reliability, the authenticity of the observed effects and of the values of the in- 
dividual atmospheric parameters. Thus, after representing the atmospheric 
optical density a s  a function of 11-4, one can obtain lines whose linearity is dis- 
turbed only by the presence of ozone. This enables one to determine on each 
day the ozone optical density and the amount of ozone. Results of such measure- 
ments are listed in Table 9. 

The use of the instability factor for estimating errors  enables one to judge, with - /49 

The ozone content varied from 1.6 (k0.4) to 4.9 (f-7) mm. The average con- 
tent is equal to 3.0 mm. 

Let us note that the error  in determining the ozone thickness from the 
Chappuis band depends on the accuracy with which the transmission is deter- 
mined throughout the entire visible portion of the spectrum. 
mining the equivalent ozone thickness X depends on the accuracy with which 
D = -  lg p is determined, i. e. , the accuracy of determining the transmission 
factor p. In view of this, the accuracy of the X determination does not exceed 
lo%, even on a stable day ( x  - l0 /o) .  
respondingly reduced. 

The error  in deter- 

For less stable days, the accuracy is cor- 

3. Properties of the Aerosol- Scattering Function, 
. _  Interrelationship .~ . ..... ~ of Certain Parameters, . . .  and 

. Pure . - - - . Absorption . . . . - . . . . Aerosols 

.~ ~ 

Since the individual factors do not function independently of each other, the 
establishment of a relationship for as  large a number of parameters as  possible, 
taking their spectral dependence into account, is desirable. This is a very com- 
plex problem. We have attempted to establish a relationship only among the 
parameters 7bs 70, T ~ ,  Ta and r, which become possible after a consideration of the 
data from direct observations of the P(P) functions and the determination of some 
of the characteristic properties for the function p~(cp) and the aerosol indicatrix 
P D ( T ) .  From these data one can trace the wavelength dependence of ~ ( c p ) .  With an 
increase in h the effect of aerosols increases and Rayleigh and multiple scattering 
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Figure 35. Behavior of Bouguer Lines (l), I g m = f ( m O )  (2) 
and 1 . 4 0 )  (3) in Different Spectral Regions on a Stable (a) and 

Quasi-Stable (b) Day. 

0 

decrease. These factors play a major role and affect the overall shape of the 
spectral dependence of the function ~(cP).  

The function d c p )  in the ultraviolet region of the spectrum is characterized - /SO 
by a very small degree of asymmetry. This means that the component of the 
scattered light intensity caused by multiple scattering and reflection from the 
underlying surface is approximately symmetrical with respect to the scattering 
angle CP, equal to 90"- The small diffraction ffpointff of the function ~ ( 9 )  in the 
ultraviolet region is caused by the aerosol and not by secondary effects (see 
Fig. 19). Theoretical calculations confirm the small degree of asymmetry of the 
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TABLE IX. Equivalent Ozone Thickness x 

4.1f0.4 

I 
1 
I 
I 

I 
I _ -  ~ 

Date 28. XI1 1964.a. m. 4. I 1965. a. m.16. I 1965, a.m. 6.1 1965. p. m. 

4.1k0.4 I 
- I 

I 
I 
I 

1.620.4  

I I 
I 

I 

1. - 1  4.9k0.7 

_ _  

Date I 6. V 1965. a.m. 112. V1965, a. m. 15. V1965.a. m. 5.- 1965, a.m. 

x, " I 1.6k0.4 

- 

4.9 & 0. 7 i . a r 0 . 4  1.6-cO.4 

Date I 7. VI 1965, a.m. 4. X 1965, a.m. 1 4  X 1965. a.m. 

1.6kO. 3 

I 
I 2.320.3 2.3k0.3 t x. mm 

B + B component of the brightness. These properties of the B + B com- 

ponent, and consequently of PZ+ P ~ ,  permit considerable simplification of the 
problem i f ,  in addition, some properties of the aerosol scattering function a re  
taken into account. The latter, a s  is known, is severely elongated forward 
because of the Mie effect. Studies in the atmosphere near the earth's surface 
have repeatedly confirmed this situation. 
scattering indicatrix, relating to the entire atmosphere height, has been evolved. 
The method sometimes used for isolating the aerosol indicatrix by subtracting 
the Rayleigh function from the observed V((F)  function, in fact gives nothing at 
all. 
even be considered as an approximation. 

2 c l  2 c l  

Thus far, however, no aerosol 

The Ifaerosol" indicatrix obtained in this manner, as  stated above, cannot 

This difficulty cannot be overcome by increasing the accuracy of the measure- 
ments. Fluctuations of the atmosphere components (its transmission, aerosol 
composition, etc. ) impose limitations and prevent a highly accurate determination 
of the function. 

A quite definite conclusion follows from this: the energy, scattered backward 
by the aerosol, can be neglected in many problems. Without particular difficulty 
it can be determined in what problems this can be done because it is known that 
the total energy scattered %ackward" by the aerosol amounts to only a few per- 
cent of the optical thickness TO. 

On the other hand, when the scattering indicatrices a re  not too elongated, the 
sky brightness component B2, produced by multiple light scattering, has an 

extremely weak angular dependence [ 791. The same can be said about the com- 
ponent B 

cl' 
If it is assumed that the aerosol scatters light only in the forward hemisphere 

and that the brightness components B2 and B are  symmetrical with respect to the 
4 

53 



l l l l l l l  I1 I I I I 1  

scattering angle 'p= go", then a quantitative interrelationship can be established 
between a number of optical parameters. 

From the first assumption it follows that the aerosol scattering optical 
thickness T D  can be expressed by the formula: 

(2.14) 

On the basis of the second assumption, one can write the relation: 

where PR is the absolute Rayleigh scattering indicatrix, CLZ is an addition to the 
absolute brightness indicatrix that depends on multiple scattering, and Pq is an 
addition caused by light reflection from the underlying surface. 

If the aerosol only scatters light in the forward hemisphere, then - /51 

x x 

2x ( p ~  + p2 + pq)sinqdp = 2 x  p(?)sin pdp. (2.16) s 
x I2 4 2  

The optical thickness ro,  determined from the observed brightness indicatrix, 

can be expressed by the following formula: 
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Using Eqs. (2.14) and (2.17), one can arrive at  the relation 

(2.18) 

Introducing the observed asymmetry coefficient of the scattered light energy 

we obtain 

(2.19) 

Since the Bouguer optical thickness T~ is the sum of three components: 
Rayleigh 'R. aerosol 'd and true absorption T ~ ,  then the desired interrelation- 
ship among the optical parameters is written in the form 

(2.20) 

The approximateness of this formula is caused by the simplifying assumptions 
that have been made. Assuming that the term B&B, is symmetrical with respect 
to cp=90° and subtracting twice the amount of energy scattered "backward, 9' we 
thereby somewhat overestimate the value of T~ because at  small angles multiple 
scattering is somewhat greater because of the indicatrix effect. However, assuming 
that the aerosol scatters absolutely nothing "backwards, It we reduce the value of 
T D  determined by this fashion. 
each other in each specific case is an extremely complex problem. Therefore 
an evaluation of the reliability of the derived expression, relating a number of 
important parameters, must be based on direct obseqations. 

To clarify to what extent these errors  compensate 

Observational data of the sky brightness in the solar almucantar, obtained 
by various observers and under different conditions, were used for this pur- 
pose. For the observations the transmission coefficient 43 was determined by 
the Bouguer method and, thus, one could find both the left Tb=-lInpb,as well as 
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the right side of Eq. (2.20) (here i t  is necessary to specify the optical thickness 
'F in the absorption band region). The results of these investigations are  listed a 
in Table 13. The results of calculations of the transmission coefficient from 
Eq. (2.20) a re  compared in Fig. 36 with the Bouguer values, determined from 
direct observations. 

From these data it is seen that Eq. (2.20) can serve as the basis for a 
shortcut method for determining 43, which has big advantages. It is qpplicable 
over a wide range of optical thickness, wavelengths and observation conditions 
(both summer, and winter with a snow cover). 

L 

46 47 ea L?g LO pb 
Figure 36. Comparison of Values 
of the Atmospheric Transmission 
Coefficient, Determined by the 
Bouguer Method (pb) and from 

It should be mentioned that Eq. 
(2.20) can be used for the ultraviolet 
region only under the condition that the ' 
observations a re  within fairly narrow 
spectral intervals to avoid significant 
errors  due to the Forbes effect. 

The interrelationship of the dif- 
ferent parameters, described by Eq. 
(2.20), opens up the possibility of 
solving other interesting problems. 
Thus, one of the problems of ozo- 
nometry is the measurement of the 
amount of ozone in the atmosphere with 
the effect of aerosol attenuation of light 
taken into account. If the aerosol 
attenuation in the Hartley band is suf- 
ficiently large and, moreover, i t  varies 
appreciably over the spectrum, then the 
determination of the ozone content en- 
counters serious difficdties, in con- 

Sky Brightness (p) Under Sum- 
mer and Winter Conditions, 

data, for this spectral region, concerning the individual components of the at- 
mosphere extinction. Using Eq. (2.20), which should be satisfied most accurately 
in the ultraviolet region itself, one can isolate the desired optical thickness, for 
light absorption by ozone, from the difference of the observed and calculated values 
of T,,. The aerosol optical thickness can be calculated on the basis of the formula 

given above: T~ = T~ Fjqj , which also is most applicable in the ultraviolet region 

for the same reasons. 

nection with the necessity of-isolating 
the components of the optical thicknesses. 
Thus far  there a re  insufficient reliable 

rl) 
At the same time, i t  should be mentioned that in establishing the interrelation- 

Light absorption can be caused both by the presence of molecular bands (for 
ship of the parameters cited abbe, we bypassed the problem of the components of 
7 a' 
example, the Chappuis band) and by the presence of an aerosol. 
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The question of pure light absorption by an atmospheric aerosol has not been 
studied sufficiently. In spite of an abundance of theoretical papers on light scat- 

sorption have been made, and the experimental data, especially for dry particles, 
are inconsistent [ 96-1001. 

tering by various types of aerosol praticles, few calculations of the pure ab- - /53 

A portion of the total aerosol optical thickness, depending on pure absorp- 
tion, can characterize the absorbing properties of the aerosol layer. 

The direct method of experimentally isolating aerosol optical thicknesses 
reduced to a simultaneous determination of the transmission coefficient pD and 
the scattering indicatrix PO ((p) of the aerosols. 

Starting with data from such observations and using the known relationships 
x 
n 

T D  = -In PO, TI = 25r pO sin pdp; and T D  = 71 +ray one can fine the values of 51 J 
0 

and ra. 

However, it is quite difficult to accomplish this direct method. To calculate 

the integral 

tering angles rp, in particular at small angles W (with respect to the direct ray). 
The difficulties involved in these measurements a re  well known. Meanwhile, the 
coarse aerosol particles scatter light primarily forward, but the shape of the 
indicatrix at small angles for polydisperse aerosols can be very complicated, and 
and extrapolation toward small angles can lead to large e r rors  [ 121. In view of 
this we have developed a laboratory method of isolating the optical thickness TI 

and T~ with which indicatrix measurements can be bypassed. 

the aerosol layer is determined by measuring the incident energy Io and the energy 
I transmitted by the layer, if  multiple scattering does not exert a significant ef- 
fect. The transmission coefficient pD = I/Io characterizes the light attenuation 
due to scattering and absorption. 

~ ~ s i n ? d ’ ?  it  is necessary to know the ~ D ( T )  functions for all scat- i 0 

The concept of the method is as  follows. The total optical thickness T D  of 

If, by some method, all the scattered light is collected and directed onto a 
receiver that measures the transmitted energy, then the reading for I is increased 
by some amount AZ. 

It is obvious that the value pa, defined by the formula 

is the transmission coefficient of the layer, characterizing only the light attenua- 
tion due to absorption. 
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The apparatus, built by us and enabling 
us to utilize this method of isolating the 
optical thicknesses, is arranged in the 
following manner (Fig. 37). An Ulbricht 
sphere, whose surface is coated with mag- 
nesium oxide, is used as the system for 
%ollectingff the light energy AI, The sphere 
comprises two hemispheres (1 and 2), which 
can be separated, sliding along tracks. The 
sphere is 20 cm in diameter. Light from a 
small lamp enters through the tube (3),  on 
the end of which is mounted a frosted glass 
(4), also coated with magnesium oxide (L3 = 

20 mm). A hemispherical glass cover (5), 
on the surface of which is deposited a layer 
of the aerosol to be studied, is put on the 
tube. 

sphere, is measured by the photomultiplier (6), in the tube (7) whose end (8) 
is located flush with the surface of the sphere and is also covered by frosted 
glass ( 0 = 20 mm) and magnesium oxide. Interchangeable interference filters, 
with a half bandwidth of 0.010-0.012pm and maximum transmission wavelengths 
1. equal to 0.405, 0.496, 0.556 and 0.696 vm, were mounted in front of the FEU- 
51 photomultiplier. An IKS-2 filter and an FEU-62 photomultiplier (A eff = 0.977 

pm) were used for measurements in the near-IR region. 

u !I 
A\ 

Light, multiply scattered within the 

I:I 6 

Figure 37. Sketch of Labora- 
tory Apparatus. 

A 10-mm diameter tube (10) is located in the upper portion of the sphere. 

The 
Its end (without optics) is also flush with the surface of the sphere. Light from 
the upper illuminator (11) can enter the sphere through the tube opening. 
photocurrent, amplified by a differential cathode follower, was recorded on an 
EPP-09 automatic recorder. 

The method of observations was as follows. A very thin glycerin film was 
deposited onto the transparent walls of a hemispherical glass bulb. 
placing the bulb, dust-free and coated over its entire surface with the dust to be 
studied, over the tube ( lo ) ,  one could determine the total optical thickness by the 
usual method. 

By sequentially 

Then the sphere was pulled apart and the bulb was put on the tube (3). By 
making similar readings with dust (1') and without dust (I;) with the hemispheres 
closed, one could determine ra. In the given case the redistribution of the light 
energy, through scattering by the aerosol particles, does not alter the brightness 
of the sphere walls. A change in brightness can occur only through absorption. 
Thus, the readings If and 1; a t  low absorptions should be exactly identical if the 

aerosol particles do not absorb light energy. This was confirmed experimentally 
with nonabsorbing particles (ATS-4 white plastic powder). 

In calculating T from measurements of 1' and I' it is most essential to take 

account of light absorption in aerosols due to its repeated reflection from the 
sphere walls. The coefficient pa = - In T~ can be calculated, if the ratio 1;/1f is 

a 0 
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known, starting from the following considerations. 
tubes through which light passes a re  small compared with the sphere surface, 
in the calculations only the absorption at the sphere walls need be taken into 
account. If 9 is the diffuse reflection coefficient, then for light entering the 
sphere with no aerosol l;resent (no dust on bulb) the wall brightness is expressed 
by the series Bq + By2 + . . . + Blln4 . . - I a geometric progression, which equals 

Since the end surfaces of the 

(2.21) 

as n --j. co. We have expressed the wall brightness by Bq for a single reflection 

(for a second reflection i t  is equal to Bq2, for the third-Bq3, etc. ). 

The calculation is similar for the case when the bulb with aerosol is placed 
on the illuminator. Here, B?pa should replacel33 because the light is attenuated 
during the initial event (incidence and reflection) by an amount determined by the 
absorption coefficient. Tn the second reflection act for calculating the "second 

the entire sphere, incident on some element of sphere surface A S ,  passes through 
the bulb with the aerosol. 
solid angle Am, from any point on the sphere, then the fraction of the total light 
flux, incident on A S ,  after absorption through multiple scattering amounts to 
&IJ 

7 , because the illumination of the element A S  by all the flux is equal to "B3Pa, 
and the flux, passing through the bulb, is AwBqp,. 
brightness will be 

order" brightness, one should take into consideration that part of the flux from - /55 

If the bulb is placed in the center and it subtends a 

Hence the ttsecondarytf 

(2.22) 

a since the light passes through the bulb walls twice. The coxninon multiplier p 
remains unchanged because i t  represents the initial act of the passage of all (not 
just part) of the initial light through the bulb walls. We note that this initial act 
plays a very significant role a t  large values of pa. In the case given, because 

tering adds relatively little. In the third act, for the "third order" brightness 
we have 

Aw _- 0.01 (a small quantity) taking account of the absorption due to multiple scat- 

2 
m 3  Pa [ (1 - $) + 2 

and so  forth. Finding the series limit, we obtain 

(2.23) 
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From Eqs. (2.21) and (2.24) we have 

(2.24) 

(2.25) 

The following comments must be made. The bulb used in the experiments is 
hemispherical with a diffuse bottom through which the primary light flux enters. 
Upon multiple reflection from the sphere walls, a portion of the rays pass through 
the bulb wall. This should not introduce much difference from the calculations 
made under the assumption that the bulb is spherical and is traversed twice by the 
rays reflected from the sphere walls without additional scattering from the dif- 
fuse bottom of the bulb. The bulb itself may not be located at  the center of the 
sphere. Calculations, made for the case when the bulb is located at the center, 
remain valid for any case because the total light field of the multiply reflected 
and scattered light within the sphere is uniform; the energies passing through 
some constant volume AV are  identical for any point of the sphere. 

For specific apparatus parameters of '1 and Ao, Eq. (2.25) permits one to 
find p from measurements of I'/I;. 

aerosol and then, being reflected from the diffuse bottom on which the bulb is 
mounted, is again scattered by the aerosol. A certain portion of the flux passes 
through the aerosol obliquely. Therefore the values of =a determined by the pro- 

posed method will be somewhat too large and, consequently, will give some upper 
limit for the pure absorption effect. Since the light fluxes pass through the aerosol 
layer in very different directions, one can assume that the optical thickness T~ 

determined from Eq. (2.25) characterizes some average oblique orientation, rather 
than perpendicular, of the absorbing layer. Therefore the values of ta should be 
divided by some certain coefficient and, thereby, yield the values for perpen- 
dicular orientation. Starting from the bulb dimensions and the aerosol- layer 
thickness, one can find the average weighted value of the optical path Z of a ray 
passing through the hemispherical aerosol layer. The ratio of i to the layer 
thickness was found equal to 1.57, which also yields the appropriate correction 
coefficient. 

a 
A small portion of the flux in the initial act is scattered ttbackwardt' by the - /56 

Studies were made with different aerosol particles: soot; coal slag dust; sand 
dust; clay dust; cement dust; room dust; meteoritic particles, obtained by me- 
chanical crushing of stony meteorites ( ffElenovkafl and %aratovff); volcanic lava 
particles, obtained by crushing gray and red lava; graphite. 
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Figure 38. Aerosol Size Distribution 
Functions: 1-Sand Dust, 2-Cement 
Dust, 3-Room Dust, 4-SOOt Par- 
ticles , 5-Slag Particles , 6-Clay 

Dust. 

The particle size distribution functions 
for the coarse fraction of the aerosols 
studied by us a re  approximately identical. 
The particle size distributions of some 
of the aerosols, determined with the aid 
of a microscope by direct measurements 
of the coarsest fraction (starting with 3.3 
pm and larger), are  shown in Fig. 38. 

The ratios of the absorption optical 
thicknesses ta to the total optical thick- 
nesses a re  shown in Fig. 39 for some 
aerosols. 

The plotted values of a r e  
average data obtained from several 
series at different T~~ The bulb was 

recoated with dust for each series so that 
the particle distribution may differ from series to series. 
the bulb was not completely uniform. The value of T~ also depends on external 
conditions (temperature, humidity). AI1 these factors lead to deviations of 20- 
30% from the plotted average values of .ra/sD. However, the relative spectral be- 
havior of the curves is quite stable in that we verified them by repeating several 
series of measurements. 

The aerosol layer on 

The experimental results are  listed in Table 10. 

d 

4-m 6W 800 lo00 1, mp 

Ratio of the Absorption Optical Thick- Figure 39. 
nesses to the Total Thickneses for Aerosols a s  a 
Function of the Wavelength: 1-Soot Particles, 2-Coal 
Slag Particles, 3-Sand Dust, 4-Clay Dust, 5-Par- 

ticles of ffElenovkalf Meteorite. 
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TABLE 10. Values of the Ratio of the Light Absorption 
Optical Thicknesses to the Total Optical Thicknesses 

of Some Aerosols 

Material I 0,398 
"Elenovka" meteorite 
"Saratov" meteorite 
Lava'(red) 

Graphite 
soot 
Coal slag 
Room dust 
Clay dust 
Sand dust 

Lava (.grey) 

0,021 
0,053 
0,039 
0,039 
0,41 - - - - 

0,405 
I - - 

- 
Q.52 
0;31 
0.13 
0,095 
0,lO 

& 
0,496 

0,027 
0,080 
0,075 
0,088 
G.32 
0,50 
0.33 
0.10 
0,14 
0-13 

0,033 
0.048 
0.19 
0,078 
0.38 
0.46 

0,6961 

0,024 
0,046 
0,030 
0.096 

0;25 
0,080 
0,055 
0,061 

0,977 

0,030 
0,055 
0,018 
0,074 
3,54 
0,31 
0.29 
0;026 
0.041 
0.014 

Note: Commas represent decimal points. 

On the basis of the data presented one can draw the following conclusion. 
Coal slag dust and especially soot a re  distinguished by large values of T ~ / = ~ .  

not lead to appreciable light attentuation due to pure absorption. For example, 
if the atmosphere optical thickness T in the A= 0.55 pm region, determined from 

b 
the Bouguer method, amounts to 0.2, then the aerosol optical thickness T Id 
subtracting the Rayleigh :R from yb (for our observatory TR= 0.085 at k=O. 55 pm) 

will be equal to 0.115 if light absorption in the Chappuis band is neglected. In 
this case the optical thickness of light absorption by the aerosol, calculated from 
the data of Table 10  under the assumption that the aerosol is clay-sand dust, will 
be equal to 0.01 o r  amounts to approximately 5% of T 

optical thickness determination by the Bouguer method in this spectral region 
usually amounts to - 7--8% when the stability of the atmospheric optical 
properties is controlled. Thus, we see that in mountainous and valley locales 
far from industrial centers the actual light absorption by the atmospheric aerosol 
is small. 
aerosols is small water droplets whose absorption in the visible spectrum is small. 
Finally, "dryrc particles in the atmosphere can serve as condensation nuclei and 
be sheathed by a layer of water. The outer sheath plays a significant role in the 
attenuation of light by two-layer particles [ 123. Therefore it is not mere chance 
that the search for atmospheric aerosol light absorption effects in daytime sky 
brightness measurements in mountainous locations did not lead to significant re- 
s d t s  [ I O O J .  

The presence in the atmosphere of such aerosols as clay and sand dust does 

after 

The accuracy of the b' 

-L /58 

Moreover, it  should be realized that a significant portion of atmosphere 

*** 
The data presented can be widely used in solving any problems associated with 

light propagation in a real atmosphere, in particular to solve the direct problem 
of determining the radiation field whose character depends primarily on the fun- 
damental parameters discussed here. 
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Knowledge of the characteristic features and behavior of these parameters 
is also necessary to solve the most pressing inverse problem: the following, 
third, chapter of this paper is devoted to an analysis of this problem. 
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Chapter 3 

THE POSSIBILITIES OF SOLVING THE REVERSE PROBLEM FROM 
OBSERVATIONS OF THE BRIGHTNESS AND POLARI- 

ZATION O F  THE CLEAR, SKY DAYTIME 

In atmospheric optics the term "inverse problem" refers to the study of 
atmospheric physical characteristics wholly or partly on the basis of observa- 
tions of radiation that has been transformed by a medium. 

Attempts to solve the inverse problem were begun immediately after the 
appearance of data on light scattering by aerosol particles; however, the early 
research primarily amounted to crude estimates only (the presence or absence 
of Mie particles, a large o r  small coarse particle fraction in the aerosol). 

Among the earliest papers, the research of Siedentopf [ 1011, which ap- 
proached the problem of solving the inverse problem using models of a poly- 
disperse aerosol, should be mentioned. 

We do not intend to survey the work on solving the inverse problem in the 
atmosphere near the earth's surface. Let us only indicate that this type of re- 
search has been continued practically uninterruptedly and is being carried on at 
the present time. The results of this research have been published in a large 
number of papers. An attempt at some generalization of the data that have been 
gathered is made in the recently published review of K. Bullrich [ 501. Informa- 
tion of a review nature, concerning measurements of scattering functions, can be 
found in the books by K. Ya. Kondrat'yev 7341 , G o  V. Rozenberg [351 , K. So 
Shifrin [ 121, as  well as in other monographs (for example, 1581 ). An objective 
evaluation of both foreign and domestic research is given in these documents. A 
large amount of original work, devoted to the inverse problem, has been done 
by K. S. Shifrin and co-workers [ 102-108 1. 

The question of solving the inverse problem is considered in the present paper, 
not for the layer near the earth's surface but for the entire atmosphere thickness. 

1. General Properties of the Atmosphere Aerosol 

Let us briefly discuss those aerosol properties which are of greatest in- 
terest from the standpoint of the problem being considered (a detailed review of 
aerosol studies has been made by C. Junge [ 951 ). 

Particles of very different dimensions, from microscopic, representing 
groups of molecules, to so-called gigantic, with average radii of about 10-20 
Dm are detected in the atmosphere. 

- /59 

The particles can be classified both in terms of size as well as in terms 
of their role in different atmospheric processes. The table, presented in C. 
Junge's monograph 1951, which we have reproduced in Fig. 40, graphically 
illustrates this. 
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Cloud 

I C  I [Atmospheric I I Particles com ising 
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sol chemistry 
. .  

/Oi3 tR. i  /Re 10' /Oz 
Radius, p 

Figure 40. Classification of Atmospheric Aerosol Parti- 
cles. 

Direct methods of measuring particle numbers and distribution are extremely 
varied not only because of different sizes but also because of the different aerosol 
natures. In addition to the widely known counters of Aitken and Owens, centri- 
fuges [ 1121, various types of impacters [ 1131, etc., as well a s  methods based 
on a determination of the particle diffusion coefficient 11091 , the mobility of 
charged particles in an electric field [ 1101, and precipitation methods [ 1111 are 
also used. 

The total particle distribution can be determined by direct methods only 
through simultaneous measurement on different instruments because each instru- 
ment can cover only a limited portion of the distribution and can isolate only 
particles with certain physical properties. The fact that information on the total 
particle distribution has been inadequate up to now is explained by this. Only 
relatively recently, in spite of the prevailing opinion concerning the existence of 
discrete sharply defined aerosol groups, has it been concluded that a continuous 
distribution is more characteristic of the particle distribution [ 114, 1151. Until 
now there have been no reliable data on aerosol density; it is only known that 
in most cases its value varies from 1 to 2 g/cm3. 

The upper and lower limits of the particle distribution are subject to varia- 
tions. The composition and nature of the particle size distribution can change 
from day to day. Examination of averaged data 1114, 116, 1171 shows that the 
particle distribution can be approximated by a smooth curve with a regular in- 
crease in the number of particles as their size decreases down to particle radii 
of about 0.1 pm. The maximum concentration lies in the 0.01-0.1 pm interval 
and most frequently corresponds to 'a radius of 0.03 pm. 

In conjunction with established interrelationships, attempts have been made 
to explain the observed distribution theoretically, taking into consideration the 
simultaneous effect of coagulation and sedimentation processes [ 1181, as well 
as  condensation and evaporation. For the present, however, no satisfactory 
theory has been developed. 
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The mean data that have been obtained refer primarily to continental regions. - /61 
There a re  very few measurements for sea air. It is quite probable that the charac- 
teristics of maritime and continental aerosol a re  different. Starting from existing 
data [ 119 1 , the maximum of the distribution for sea salt particles is located near 
a radius value of 0.25 pm. 

The aerosol concentration undergoes drastic spatial and temporal changes. 
Depending on the conditions, the number of large particles in 1 cm3 can vary 
from 10 to 105, with this not always being caused by the effect of industrial cen- 
ters. The variation limits for very large particles a re  considerably tighter- 
from 0.1 to 1 cm-3. 

If aerosol particles can be crudely divided into maritime and contiental, 
on the basis of their origin, then , in terms of their physical structure, they 
can be classified as dry insoluble particles and slat solution droplets. 

Most frequently encountered a re  particles, characterized by a change in 
size as a function of the relative humidity, with the rate o r  change being deter- 
mined, in particular, by the ratio of insoluble to soluble fractions. In view of 
this, the question of aerosol properties under various relative humidity con- 
ditions is of interest. Some experiments have shown, for example, that a t  a 
relative humidity below 70% the dry fraction is an appreciable portion, whereas 
as the humidity increases beyond 70%, the particles assumed a droplet structure 

the formation of cloud droplets and crystals. Inclouds and fogs, in contrast to 
clear weather conditions, a bimodal structure is often observed. 

1201. A further increase in humidity and a decrease in temperature lead to 

Studies of the chemical composition of an aerosol a r e  highly complex. Thus, 
for example, at the present time i t  is impossible to say anything definite with 
regard to the most probable chemical composition of the Aitken particles. It is 
known that these particles, playing a most important role in the atmosphere, can 
lead to the formation of mists, after reactions between different gaseous im- 
purities, through the dispersion of the surface material of the continents and 
oceans. 

The combination of maritime aerosols with continental can lead to a wide 
variety of chemical reactions. By means of various new methods, including 
electron microscopy [ 1231 , various compositions of sea salt, combustion pro- 
ducts and soil materials have been detected in aerosols. Chemical analysis re- 
sults indicate the presence of iron, lead, manganese, copper and many other 
elements, as well as  SOZ, NO3, SO4, NH4, Cl ions, etc. Different organic 

compounds and mineral dust play a large role. In spite of numerous observations, 
the mechanism of particle formation has.not been finally clarified. 

The amount and distribution of aerosols change withthe height above the 
earth's surface [ 1241. 
with time [ 1241. A general tendency for the amount of aerosols to decrease 
with height is observed up to about 5 km, and in the upper layers of the tropo- 
sphere their concentration is often found to be constant. Dust is often found at  
a level below temperature inversions. A s  a result of the effect of various 
contaminants, present over continents, the lowest five-kilometer thick layer 

The vertical profiles of aerosols can vary considerably 

66 



of the atmosphere can have an extremely complex aerosol structure. Above this 
layer, a more uniform aerosol distribution is found with average concentrations 
of 200-300 particles in 1 cm3, determining an aerosol background which is 
caused by old aerosols 95 I . Such a distribution and the presence of a back- 
ground a re  associated with complex meteorological processes, turbulent dif- 
fusion, the rate of aerosol particle removal by elution, coagulation and gravita- 
tional precipitation. 
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Taking all these factors into account the making certain simplifications, one 
can formulate relatively simple differential equations enabling one to determine 
the steady-state conditions of an aerosol atmosphere 125-118 1. 

As a result of studies of stratospheric aerosols, performed with rockets 
and balloons [ 125-1281 , it has been established that the concentration of Aitken 
particles decreases above the tropopause. For large particles, a maximum is 
found between 16 and 23 km. An analysis of stratospheric aerosol tests, per- 
formed with an electron microscope and x-rays, showed that the predominant 
element is sulfur in different compounds. Other elements, in particular Al,  
C1, Ca and Fey are  present in small amounts. The sulfur undoubtedly originates 
in the troposphere. 

Only small globules of manganese, Fe203 and a small amount of FeO were 
collected from aerosols originating in outer space, whose most important source 
is the zodiacal cloud [ 129-1311. 
25 km has been noted by several investigators. 
lucent clouds should also be mentioned. The latter a re  observed at a height of 
about 80 km. Cosmic, especially meteoritic, dust, entering the atmosphere at 
the rate of about 100 tons every day, undoubtedly plays an appreciable role in the 
formation of aerosol layers in the upper atmosphere. 
layer in the high layers of the atmosphere is currently being done by means of 
laser and radio observations [ 131, 132, 1331 with the use of satellites E461 and 
rockets [451. 
existence of an extremely stable aerosol layer a t  a height of about 20 km [ 134, 
461. 

The existence of a dust layer at a height of 15- 
The band of nacreous and nocti- 

The study of the dust 

The data that have been obtained confirm, in particular, the 

Even with a cursory summary of the most characteristic properties of an 
atmosphere aerosol, one can appreciate i ts  extremely complex composition and 
variability. The character of the distribution and amount of aerosol depend on 
meteorological conditions, locale, season, height above sea level, activity of 
the various sources themselves and other causes. Many important questions, 
relating to aerosols, a re  still unexplained. Solving specific inverse problems 
requires as  much reliable preliminary data a s  possible. 

In view of this, we will attempt to consider in greater detail that informa- 
tion which, in our opinion, can facilitate solving the problem and, by using 
optical methods of studying the incoming radiation field, can determine the con- 
ditions under which one can expect favorable results. 
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2. Light Scattering and the AtmosphericAerosol -. 

The earth's atmosphere possesses one remarkable property: in spite of the 
continuously occurring circulation of air masses in it, gigantic processes of a 
turbulent nature and severe disturbances, clear cloudless weather is often es- 
tablished over vast regions of the earth's sphere and for a relatively long period 
of time. Cloudless days are frequently characterized by remarkable stability. 
The very existence of such conditions is, of necessity, explained by the formation, 
in the atmosphere, of a stable equilibrium between different physical processes 
about which only small fluctuations are possible. When this condition is not ful- 
filled, the process must develop in one direction or  another, which occurs, for 
example, during the formation and growth of clouds. 
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Thus, on clear cloudless days, characteristic of very large areas of the 
earth's surface, the aerosol composition can be quite stable for a long time 
which, undoubtedly, can serve as a starting point of the relationships being 
sought. 

It has already been mentioned above that, within certain limits, the number 
of particles increases with a decrease in their size, with the change being so 
sharp that the size distribution curves are often plotted on a logarithmic scale. 

After having selected an infinitely small radius increment dr ,  one can 
write the explicit equation 

dn = fo ( r )dr ,  (3.1) 

where dn is the number of particles with radii from r to r + dry  and the function 
f (r) characterizes the distribution density and represents the number of particles 

per unit interval of radius. The total number of particles, with sizes limited by 
the radii rl and r 

0 

is determined by the integral 2' 

n = f o  (r) dr .  
(3.2) 

In logarithmic form the distribution law can be given by the formula 

The function f ( r )  represents the number of particles per unit interval of the 
logarithm of the radius. The relationship between fo(r) and f(r) has the simple 
form 
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If one is dealing with average and most probable values, then in accordance 
with the studies of C. Junge [ 951 and other authors [ 124, 136-1401 the particle 
size distribution law can be represented by the formula 

or  

3 where c and c characterize the total number of particles in 1 cm , and the ex- 
ponents Y and v* characterize the shape of the distribution. It is obvious that 
v =  v* +l. Below, we will make use of Eq. (3 .6 ) .  C. Junge [951 found that the 
most probable value of v* is equal to 3. The limits of the particle distribution 
for a so-called normal size distribution are  determined by the radii F I  = 0 . 0 4  pm 
and r ~ =  10 pm. Deviations from these average values can be appreciable both 
with respect to the exponent v* and the limits r1 and r and, of course, the total 
number of particles 1411. 
some cases be violated, in particular because of the presence of particles with 
a preferential size 141, 1421. If, however, consideration is restricted to the 
Junge model, specified by different values of Y*, r~ and r2,  then calculations of 
the primary optical parameters of suchapolydisperse aerosol can be made if  the 
refractive index and shape of the particles a re  known. 

0 
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Moreover, as  already mentioned, Junge's law can in 

Available data do not yet permit a final conclusion concerning the value of the 
refractive index of natural aerosols. Realizing that aerosol haze has a two-layer 
structure and consists of a nucleus and a liquid sheath, playing a major role in 
light scattering processes [ 121, one can surmise that the parameter m should 
assume a value of 1.33 .  Several authors hold this opinion [ 143-1451. C. Junge 
[ 1281 adopts an average refractive index value of 1.44 .  Some studies, for 
example [ 1461, have shown that on the average it is better to assume m = 1.5.  
Aerosols, containing salt solutions, have a refractive index whose value is little 
different from that cited above (Junge [ 1471, Volz [ 1461, Volz and Goody 1481, 
Giese, Bary, Bullrich and Vinnermann [1491). K. S. Shifrin and E. A. Chayanova 
[ 741 calculated polydisperse indicatrices for a whole set of refractive indices 
(m = 1.33 ,  1 .44 ,  150 and 2.105)  for Junge and Junge-type distributions. The re- 
sults obtained illustrate the significant effect of the refractive index. The elongation 
of the scattering indicatrix decreases dra.stically with an increase in m [ 12, 171. 

In the calculations, the particles a re  usually assumed to be spherical in 
shape. For nonspherical particles the theory is very complex and it is impossible 
to completely reduce the problem to the spherical case, even if a possible 
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averaging of the scattering due to random orientation of the irregularly shaped 
particles is taken into consideration c 121. Let us mention one important fact: 
light scattering at small angles is essentially independent of the refractive in- 
dex and is determined only by the particle shape and size [ 12, 17 1. This, in 
principle, enables one to draw certain conclusions about the distribution of the 
coarse fraction of particles from optical observations , without knowing the 
value of m. 

The particle distribution, especially in the 0.08-0.5 pm radius interval, 
is very difficult to determine by the usual direct methods. Here, apparently, 
the most successful are optical methods. Some optical effects a r e  explained 
quite well by a continuous particle size distribution of the Junge type [50, 951. 
The Angstrom formula, according to which the aerosol optical thickness T D  is 
proportional to A-", where h is the wavelength and a is a constant coefficient, 
can be derived on the basis of a Junge particle distribution. In this case i t  
turns out that a=v*-2. The most probable distribution is characterized by a 
value of v*=3 and, consequently, by a value of a! = 1, which is close to the value 
found by Angstrom from a large number of observations ( a  = 1.3). The value of 
the Angstrom exponent is especially sensitive to changes in Y* when v*=2, which 
follows from the formula cited above: a=v*-2. It is necessary, however, to 
take account of the fact that from these data it is impossible to make any judge- 
ment concerning the entire particle distribution. The particle size region from 
about 0.08 to 0 .6  pm is the most active, optically speaking. According to the 
data of F. Volz 1501 , o! varies within the limits 1.5 to 0.5. Similar results 
have been obtained by W. Middleton [ 1511 , F. Shmolinskiy [1381 , and others. 
C. Junge 1: 951 assumes that the distribution with t'* varying within very narrow 
limits (from 2.5 to 3.5 o r  somewhat larger), represents a universal scale effect 
for very different aerosol concentrations. This, however, refers to the layer 
near the earth's surface. According to the words of Junge [151 , one gets the 
impression that the distribution with v* = 3 is characteristic of a high aerosol 
concentration. Sky brightness observations in mountainous regions with clean 
air and high transmittance for the purpose of determining the aerosol distribution 
are very few. Lower values of v* are  possible in maritime areas. 

Let us give.some formulas for the optical parameters of a polydisperse 
aerosol (we will adhere to the symbolism adopted in [ 501 and in the tables of K. 
Bullrich, E. Bary and B. Braun [141). Let il and i2 be the mutually perpen- 

dicular polarization components of the light intensity, scattered by one particle, 
calculated from the formulas of Mie and expressed in units of the incident direct 
light intensity. They depend on the scattering angle CP and the parameter a 

The total intensity in the P direction is equal to i (p, a) = zk% 
flux scattered by one particle is determined, in accordance with Mie theory, by 
the integral 

A 
and the total 

2 ,  
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If dn(r) particles a re  contained in a unit volume of air ,  then the scattering 
coefficient is equal to 

Here, the differential dn(r) represents the number of particles whose radii 
lie within the interval from r to r + dr. 
termined from the relation 

The total scattering coefficient is de- 

The aerosol optical thickness of the entire atmosphere is related to YD’ c.1 by the 
farmula 

(3 .10 )  

Here, N(r ,  h) is the density uf particles of radius r at  the height h, €3, is 
the height of the homogeneous aerosol atmosphere. 

The total optical thickness is equal to the sum of Rayleigh = R ,  aerosol T D  

and absorption rao Thus, a comparison of theoretical values of T ~ ’  with obser- 
vational data of the aerosol optical thickness requires isolation of TD’=TD/HD. 

With the determination of T D  one can compare the relative spectral dependence 
of this quantity with TD’,  not by determining the actual height of the homogeneous 
aerosol atmosphere, i. e . ,  by comparing the spectral behavior of T ~ ’  with the 
value of the aerosol optical thickness, weighted for the entire atmosphere. 

/6 6 Let us wri te  analogous formulas for the aerosol scattering function f o @ ,  cp). - 
If (5) 2(p) is the scattering function for one particle, then for the entire particle 
distribution and for a unit volume the scattering function is equal to 

(3 .11)  
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For the entire atmosphere as a whole we have 

PO (?, A) = fD (9, )*) H D -  (3 .12)  

By observing the sky brightness, we obtain the funct,m po ), k), weighted by 
Rayleigh and multiple scattering. After ridding P~(’P, ).I of the effect of these 
factors and isolating PD(C?, A), we can compare both the relative spectral and the 
angular dependence of the observed values of PO(?, k) with the calculations of the 
function fo(% 1) without determining HD. 

Since the value of the aerosol scattering coefficient is equal toso’ = 2 ~  f D ( 7 ,  ;-) 
sin ?dp, then for a polydisperse aerosol we have 0 J: 

TD# = 2.1; j 7 $ i (9) sin yd-,dr. (3.13) 
0 ‘1 

If the expressions 

(3 .14)  

are  introduced and the Junge law is assumed for the particle size distribution, 
then it is easy to obtain the following formulas for the optical parameters of a 
polydisperse aerosol (see [ 501 for details.): 

The number of particles N per unit volume is equal to 

(3.15) 

The Jimge law, if written in logarithmic form and containing an initial con- 
stant c ,  is expressed by the formula 
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(3.16) 

Whence . 

Since r;' <( r;*, the calculations should lead to the formula 

(3.17) 

(3.18) 

Thus (which is also obvious from qualitative considerations) , to determine 
the number of particles per unit volume it is important to know the lower limit 
of the particle radii. 

3. ,Deviations . . -I_ from _ _ _  . the . Theoretical - Model 

A theoretical model, based on a Junge particle distribution, represents, of 
course, some idealization of the actual properties of the atmosphere aerosol. 
A wide variety of deviations from this model are  possible, and from the data of 
direct observations it is seen that some very significant departures from a 
continuous distribution exist which must be considered first  of all. A recently 
published paper of K. Bullrich, E. de Bary, K. Danzer, R. Eiden and G. Hanel 
[161 is devoted to an analysis of the effect of deviations from the Junge distribu- 
tion on the aerosol optical characteristics. In this paper, in particular, the 
question of the effect of variations in the number of Aitken particles on the 
spectral dependence of the aerosol optical thickness was discussed. Figures 
41 and 42, which we have taken from the above-mentioned [ 161 , illustrate the 
results of calculations for different aerosol models. Shown in Fig. 41 a re  the 
aerosol models used-pure Junge (v*=3), designated number 1, and a series of 
others, labeled by numbers 2-6 and distinguished by a smaller number of Aitken 
particles. The spectral dependence of the aerosol optical thicknesses, cor- 
responding to these models, a r e  shown in Fig. 42 (the numbers designating the 
models a re  carried over into Fig. 42). From these data i t  is seen how strongly 
T D  = T D  0.) depends on the number of fine particles. With a deficiency of Aitken 
particles, the curve CD = T D  0.1 can be nearly parallel (within the limits of 
observational errors)  to the abscissa axis, whereas with a normal distribution 
( v * = 3 )  the dependence of T D  on h should be expressed by the Angstrom formula 
= ~ = c A ~ ~ ~ ~ = c ) . - - l .  When the exponent Y*. is close to 2, the dependence of T D  on h 
for a pure Junge distribution will be analogous to the case with v*=3, with a 
deficiency of Aitken particles. Thus, it is not always possible to make a judg- 
ment about the particle distribution only from observations of the spectral de- 
pendence of :D 
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The question of the effect of departures from the Junge distribution, detected 
by R. Fenn [ 1521, for different a i r  masses has received special attention in 161. 
R. Fenn found a maximum in the particle distribution at r-0.4 pm and a sharp 
minimum at r=O. 2-0.25 pm. A second group of deviations was localized in the 
large particle portion of the distribution where a maximum is observed, and a 
minimum in the0.4-0.5 p m  radius interval. Calculations of the angular scat- 
tering functions, made with these deviations taken into account [ 161 , show that 
at large scattering angles the effect of particles, 0.2-0 .3  pm in size, is quite 
appreciable. The size range from 0.4-0.5 pm produces a slight effect. At small 
'P, the angular scattering functions are  practically independent of these depai-- 
tures from the Junge law. Thus, the role of these groups of particles cannot be 
established from observations of the brightness gradient in the acreole region. 
However, their effect is significant at large 'P and, consequeiltly, i t  affects t'he 
optical thickness T D  (Fig. 43). 
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C P  
Figure 41. Different Aerosol Dis- 
tribution Models, Differing in the 
Number of Aitken Particles, for 
which Calculations of the Spectral 
Dependence of the Scattering Coef- 

ficient were made (Fig. 42). 

Figure 42. Spectral Depend- 
ence of the Scattering Coeffi- 
cient for the Different Aerosol 

Models (Fig. 41). 

The question of the effect of pure absorption in aerosols on the magnitude 
and shape of the scattering indicatrix, transmission and sky brightness was dis- 
cussed by K. Danzer and K. Bullrich [ 181. Calculations of the scattering 
functions have been made by them for a polydisperse aerosol whose distribution 
is given in the form 
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~(0.1~)"' for 0.04 Pm 5 r < 0.1 Pm, 
for 0,l pm S r r l O  Pm. 

The exponents m in the different models were assumed to have the following 
values: ml= l.!5-O,1iy m2= 1.5-0.O1iy m3= 1,5-0.001i. The following results 
were obtained. The total extinction coefficient and its spectral behavior depend 
very weakly on the absorbing properties of the aerosol. The relationship be- 
tween the scattering and absorption coefficients varies very drastically as a 
function of the complex coefficient m= k + x i .  
ficient amounts to 40% of the total extinction coefficient. 

When x = O J  the absorption coef- 

Calculations show [ 181 , that the scattering functions of the absorbing par- 
ticles are very much like those for nonabsorbing particles at small scattering 
angles. At large CP (especially when x=O.1) pure absorption exerts a very strong 
influence. A decrease in the absolute scattering function because of absorption 
is observed up to cp=180° where i t  is about five times less than the scattering 
function of nonabsorbing particles. 
(because of the influence of Rayleigh scattering) effect on the daytime sky bright- 
ness. 

The absorption exerts a somewhat weaker 

Deviations from the calculations made for m=1,5 can be caused not only by 
absorption but also by a discrepancy in the reiractive index of the real aerosol 
assumed in the calculations. 

It was stated above that the influence of the refractive index should be very 
significant, especially at large scattering angles. 
scattering functions and other optical parameters change as a function of the real 
part of the refractive index. A s  a result of the cited work of K. S. Shifrin and 
E. A. Chayanova [ 741 as  well as  the work of other authors, in particular T. P. 
Toropova [ 171 who studied the case of m=1.25 ,  it  become clear that with a de- 
crease in the refractive index the elongation of the indicatrix of a polydisperse 
aerosol increases drastically whereas at small scattering angles CP changes in 
m have practically no effect on it. The same results were obtained in the work 
of K. Bullrich, E. Bary, et al. 1161. As an illustration we present a graph 
(Fig. 44), taken from this work, of the dependence of the relative scattering 
function on the refractive index (m=1.50, 1.40, and '1.33). Realizing that the 
curve is plotted on a semilogarithmic scale, one can appreciate how drastically 
the scattering function changes with a change in m at angles q>2Oo (at angles 
(i from 0 to lo", the abscissa axis scale has been stretched out). The effect of 
fine particles with a 0.04-0.1 pm radius is exceptionally large. The angular de- 
pendence of the ratio % of the scattering functions, calculated for models with the 
limits O . l < r < l O  and 0 . 0 4 < r < l 0 p y  is plotted in Fig. 45 (also taken from [161); 
the ratio % at large 'f reaches almost 0.6 (when q=1200) and varies throughout 
the spectrum. 

There is no doubt that the 

In view of the difficulties enumerated above, and also because of the fact 
that detailed calculations appeared relatively recently, very few sky brightness 
observations, especially a t  small angular distances from the sun, for the purpose 
of determining the parameters Y*, 1-1, r2 and others, have been made. 
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of the number of recently published papers, one can single out the observations 
of K. Bullrich, E. Bary and others [ 161 , made on Jungfrau mountain (Switzer- 
land, height of 3500 m above sea level). Data from sky brightness measurements 
at small cp (from 1 to 15") a re  presented in [ 161 in the form of illustrations for 
five spectral regions on two days at different solar zenith distances. The authors 
mention a variation in the curve shape both with a change in 20, and from day to 
day. The spectral composition of the radiation also changes. Comparison with 
theory leads to a value close to 3 for the exponent v* . This corresponds approxi- 
mately to the data from observations made in Mainz [ 501 ,. The authors say 
nothing about taking account of the absorption effect in ozone, influncing the 
radiation spectrum in the region (0,448<h<0.847 pm) studied by them. On the 
other hand it is the spectral dependence itself that is used for determining v*. 
In general it should be noted that direct comparison of sky brightness with theory 
is not the best method for solving the inverse problem. A comparison with cal- 
culations of the scattering indicatrix C"drp,  ,A), which at small CP can be deter- 
mined with fairly high precision from sky brightness observations, is much more 
reliable. 
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Effect of the Refractive Index m on the Shape of Figure 44. 

the Indicatrix ?(A. ~f)  = (il f i2) d n ( r )  for A = 0.55 pm. 1-m = 7 
0.04p 

1.33, 2-m = 1.40, 3-m = 1.50. 

Quite a large number of observations of transmission, sky brightness and 
polarization have been made by K. Bullrich, R. Eiden, R. Jaenicke and W. 
Nowak in the Hawaiian islands. Data from these observations, results of com- 
paring them with theory and an attempt to interpret them a re  contained in a 
recently published report [ 591. An anomalous behavior of the spectral trans- 
mission, caused, as  the authors assume, by the presence of particles of a pre- 
ferential size appearing after eruption of the volcano Agung, is noted. However, 
no optical effects (for example Bishop rings) , characteristic of such conditions, 
were observed. The Angstrom exponent varied as a function of the spectral 
region and time of day. 

Sky brightness observations at small angular distances from the sun showed 
that for particles with a raclius r > l  m the Junge exponent is v*>4 pm and the 
upper limit of the particle distribution is r x 10 pm. The anomalous behavior 
of the spectral transmission exerted no efzct on sky brightness at small angles 
C P y  because only coarse particles with a radius greater than 1 pm play a signifi- 
cant role in this region. Observations were made at scattering angles of r2=10 
to reveal particles with r < l  pm by an optical method. A comparison with 
theory showed that <P)20'. The authors concluded that a model with different 
Junge exponents v* for individual particle size intervals characterizes the spec- 
trum more completely. The authors of [59] do not give a detailed description of 
the method of comparing the theory with the observations. The difficulties of a 
valid comparison, by which the parameters v* can be reliably determined, pre- 
vent drawing any definite conclusions with respect to  the polarization measure- 
ments presented in this same [59]. 
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4. Resdts  of Measurements at Small Angular 
Distances from the Sun 

Autumn-Summer Observations. 

Sky brightness observations were made by use at  the Astrophysical Institute 
observatory with the equipment described in the first  part of this paper. A 
large number of measurements at small angular distances from the sun (2" 4 p <- 8") 
were made on a photoelectric spectrophotometer. The spectral sky brightness 
was determined in absolute units (the results have been discussed in the first  
chapter), as well as the absolute aerosol spectral scattering functions p D ( y )  and 
the spectral optical thichnesses * D  = TD'HD.  

The attempt to solve the inverse problem reduced to a comparison of these 
data with the analysis results of F. Braun, E. Bary and K. Bullrich [14, 1351. 

In view of the complexities mentioned above, i t  was first  of all necessary 
to analyze the results of the calculations themselves in order to see whether 
a unique solution is possible if i t  is assumed that the actual aerosol corresponds 
to one of the analytical models or  another. 
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An examination of the results of theoretical calculations showed the following. 
When v*=2.5 and 3.0, the role of the fine fraction of the aerosol is small in the 
different models for 2°<(p<100. Both the relative spectral behavior of the scat- 
tering function and the angular dependence for the same Junge exponent vary 
markedly only with the upper limit of the particle distribution, defined by the 
radius r 
of the curves f~ = f~ ('PI and f~ = f~ 0.1, corresponding to the calculations pre- 
sented in the table of [ 141 for r2 equal to 3, 5 and 10 pm. For brevity, on the 
graphs we designate the different models by the numbers 1 to 6, corresponding 
to the values of the parameters listed in Table 11. 

Therefore for each value of Y* i t  is advisable to isolate three groups 2" 

TABLE XI. Values of the Parameters 
Assumed for the Calculations 

The angular dependence curves are  different for each wavelength h. When 
h=O. 4 pm, the curves corresponding to the different models do not intersect, 
whereas when a=o. 45 pm, the angular dependence curves corresponding to models 
1, 5 and 6 intersect. A similar parttern is observed when h=O. 55 pm, and a =  
0.65 pmthe curves for models 1 and 5 are  close (and intersect at q"8"). 
for different I?* values the scattering functions f~ (PI, can be very similar, which 
should be kept in mind when solving the inverse problems. 

Thus, 

An examination of the relative shape of the spectral dependence of the f ~ @ )  
function for cp = 2" showed that models 2 and 6 are  characterized by f~ = f~ O.), 
curves that coincide within the limits of observational accuracy. 

Nevertheless, if data are obtained for both the angular and spectral depend- 
ence of the scattering functions, then even in the most adverse case it is possible 
to exclude multivalued solutions and to ascertain what the actual values of Y* and 
r 2  are. 
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However, the values of Y* and r2 found by this method characterize only the 
coarse fraction of the aerosol, determining the sky brightness at small angular 
distances from the sun. The role of the fine fraction, in particular the Aitken 
particles, can be clarified through observations of f~ (7, A) at large scattering 
angles. 

The sky brightness observations at large scattering angles, which have been 
made by many authors and under different conditions, unfortunately do not per- 
mit one to reliably isolate the primary aerosol function f l ~ ( ( p )  with any accept- 
able accuracy. 
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Because of the reasons cited, an evaluation of the role of fine particles, 
for those specific conditions under which the observations were made, was made 
not from the indicatrix at large angles cpt but from the total effect of scattering 
over all directions which, as  is known, determines the value of the aerosol 
optical thickness TD. To isolate %,if the total optical thickness rb has been de- 
termined, is not difficult in view of the fact that absorption in aerosol is not 
great. 

A comparison of the value of the ratio 5, calculated theoretically and ob- 
‘CD 

served, as well as their spectral dependence, seems a rational method to us. 
The point is that they vary quite a large amount both as  a function of Y*. and of 
the distribution limits [ 141. The large or  small role of the fine particles €or a 
completely identical relative spectral or angular dependence f ~ = f ~  (:) at  small 
CP should exert a direct influence on the value of the ratio 5, then this confirms 
the fact that the Aitken particles a re  smaller in reality than assumed in the 
theoretical model. It should, however, be kept in mind that these too large values 
can also be explained by the followihg causes: if there is a departure from Junge’s 
law, associated with the presence o r  absence of some groups of particles, which 
has been detected by Fenn [ 1521 and was mentioned above; if the refractive index 
of the particles is less  than 1 .50;  if pure absorption plays a significant role in 
the aerosols. 

= D  

Taking into consideration all that has been said above, i t  is necessary to 
consider closely which of these factors can exert, under specific conditions, the 
most significant effect and which can be neglected. 

Let us consider the results of our observations and t ry  to interpret them. 
In accordance with available analytical data, for the comparison with theory, 

the results of measurements a t  wavelengths close to the tabulated values have 
been selected, namely: A =  0.410, 0.447, 0.553 and 0.650 pm. Since the question 
at hand concerns relative indicatrices, it  must be realized that the precision 
of their determination is not related to the errors  of the calibration measure- 
ments and can be quite high-about 2-3%. This is not the case for measurements 
of the spectral dependence of the scattering functions f ~ = f ~ ( h ) .  To obtain the 
spectral sky brightness, calibration is required. We accomplished this by 
measuring the brightness of a standard screen, illuminated by perpendicular 
rays of the sun 1331. 
values of 5-7%. The error  in determining the values of ~ D , ’ T D .  is especially 
large because the measurement errors  of the scattering functions as  well as 
the optical thicknesses a re  combined and can amount to about 20% and more, de- 
pending on the spectral region. This should be kept in mind when comparing 
observations with theory since the question of the uniqueness of the solutions 
often depends primarily on the observational errors. 

Er rors  in the measurements of the f ~ ( a )  functions reach 
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The theoretical curves, corresponding to the relative scattering functions 
for different aerosol models, a re  compared with curves from the data of our 
observations in Fig. 46. 
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As seen from the figure, the curves of the angular dependence of the rela- 
tive scattering functions, obtained from observations, often lie below the theo- 
retical for v*=2.5. 
surements was characterized by a Junge exponent of v*<2.5. In order to make a 
more specific judgment about the value of v* we used the data of K. S. Shifrin 
and E. A. Chayanova [741 who calculated the scattering functions for a Junge ex- 
ponent of v*=2 for the same refractive index of m = 1.5. The calculations in [ 741 
were made for the models with upper particle size limits determined by the quan- 
tity 02 = '3 = 150 and with different lower limits, also specified not by the 
radius r1 but by the quantity al = ?(= 0.2, 0.6, 1, 2). Thus, the calculations 
refer to different values of r1 and r2 for different wavelengths. For the upper 
limits, which also basically determined the scattering functions, starting from 

2 ~ 2  the quantity a2 = T= 150 we obtain the following values of the maximum radii 
r as  a function of the wavelength: 

Thus, the aerosol composition during these series of mea- 

2 

A, pm 0.400 0.450 0,550 0.650 
rzr p m  9,6 10,7 13.1 15.5 

The dashed curve plotted in Fig. 46, corresponding to v*=2, thus gives the 
angular dependence at  this value of the Junge exponent and at  r2 limits that 
are different for different wavelengths. The same comments can be made in 
connection with the value of ____ = 12,3 determined by us for v*=2 from the 
data of 1741. 

f D(20. 

51) 

io-. . 2-.--- * 
6" 8" V 

Figure 46. Angular Depend- 
ence of the Aerosol Scattering 
Functionfor A- 0.55 u,m. 1-6- 
Data from Calculations: Points- 
May 6, Crosses-May 12, Tri- 
angles-May 15, Squares-Oct. 

4, (1965, a.m.). 

_ _  - 
rm ;;a YD 4- 

Figure 47. Spectral Dependence of 
the Aerosol Scattering Function at 
(~=2". Symbols a re  the Same as in 

Fig. 46. 
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The general result of comparing the angular dependence of the observed scat- 
/75 - tering functions with theory reduces to the following. The Junge exponent v* 

deterlnined from observational data in different spectral regions, was the same 
within each series. Almost always v* does not change with a change in the at- 
mospheric mass during the morning. In 60 series of observations the value of 
the Junge exponent lies within the interval 2.0<~*<2,5, while in 28 of them 
(summer) it was equal to 2.5 and the upper radius limit r2 was most frequently 

equal to 10 pm. 

Let us consider the results of observations of the spectral dependence f ~ = f ~  
(A) at q=2'. 
for the scattering functions than the theoretical curves have at v*=2.5. A s  v* 
increases, the gradient should increase. Having no calculated data, one can 
only state that these series a re  characterized by values of v*<2.5. Let us men- 
tion that the observed indicatrices a re  normalized to the condition f~(1:=0.41 pm) = 
100. A comparison with theoretical values of f o  (A), normalized to the condition 
f D  (A, =O. 41 p) =loo, leads t o  an insignificant error.  In exactly the same way, 
some discrepancy in wavelengths theoretically selected for the observations does 
not iqtroduce a significant error. The measurement errors  amount to 5-7'3,. 

Of 22 series, half a re  characterized by smaller wavelength gradients 

A comparison of observations with theory is depicted in Fig. 47 in which are 
shown curves of the spectral dependence f,(i.) for different aerosol models and 
some results of observations. During the day the spectral functions can remain 
constant within the limits of the measurement errors. Day-to-day variations can 
reach 30%. 

determined for 11 series of observations. The model with v*=2.5 and r2 = 10  

pm fits better than thezest  for most of these series. 
with others assumed in the theory, is characterized by having the largest coarse 
aerosol fraction. 

The value of v* and the upper limit r2 of the distribution could be 

This model, compared 

By comparing the values of ~ D , ' K D  for cp=2", determined from the observations, 
with the theoretical values, one can see that in an overwhelming majority of cases 
they correspond to a value of v* close to 2.0 o r  lying in the interval 2.0<+<2,5, 
while in this latter case i t  is more frequently closer to the value v*=2.0. It 
should be taken into consideration that the errors  in the observations of y D ( k )  and 

in the ratio 9 are  very large and, as  mentioned above, amount to about 20%. 
7 0  (U 

in the summary of Table 12. For each series the values of v* and r are  listed 

(in microns) whenever they could be determined. The parameters listed in the 
table a re  obtained from measurements of the angular dependence f ~ = f o ( ? )  at 
different h, the spectral dependence f ~ = f ~ ( k ) ,  the scattering functions at ~ = 2 "  

at cp=2". For 7 of the 20 series the f ,  (1) and from measurements of the ratio - 
values of the parameter v* fall within the limits from 2.0 to 2.5 (according to 

the data of all three methods of comparison-from f ~ ( p ) ,  f ~ ( 1 )  and 3); in six 

cases either the spectral o r  angular dependence shows that v*=2.5, whereas the 
values of fD/tD correspond to v*=2.0; four series give a value of v*=2.5, both from 

The major results of a comparison of observations with theory a re  presented 

2 

' D  ('1 

' D  
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f D  f~ (%'I and from f~ (A) and the ratio - corresponds to a value of v*=2.  In two 
%D 

series it is established that the spectral and angular dependence a re  char- 
acterized by an exponent 2.0<v*<2.5, whereas according to - - v*=2.  In one 

case, all three values of v* are  equal to 2.5 (June 12, 1965, a. m.). For four 
series, identical values of v*=2.5 a re  obtained from f ~ ( c p )  and 5, with the ex- 
ception of June 5 when it was ascertained that 2.0<v*<2.5 on the basis of f r , (A)  
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Thus, for the overwhelming majority of the series it is characteristic that 
the value of v*, determined from the scattering functions, is closer to the value 

fD v*=2.5, whereas by starting from the values of - we arrive most frequently 
Tn 

at v*=2,0. 
coarse aerosol fraction corresponds approximately to the assumed model with 
a most probable exponent of v*=2.5 and an upper particle radius limit of r2 = 

10 pm. Excessively large values of the quantity 3 can be obtained because of 
the fact that at large angles CP the aerosol scattering is less than in the model 
with v*=2.5- This effect can be explained by different causes, which we have 
mentioned above. Let us attempt, however, to isolate the primary ones. A 
smaller quantity of scattered light at large angles CP cannot be explained by the 
fact that the refractive index in our locality is less than that assumed in the 
theory-m = 1.5. Under the dry continental climatic conditions of Central Asia 
one can rather expect that m>1.5. Insofar as pure absorption in aerosols is con- 
cerned, for the conditions of our observations this factor plays a small role and 
it is impossible to explain more than a twofold increase in ~ D / T D  by its effect. 
One can hardly explain the effect by a departure from a continuous particle dis- 
tribution-the effect of this factor is insufficient. 
that a smaller number of Aitken particles were present in the atmosphere than 
is assumed in the theoretical Junge models for v*=2.5.  

On thebasis of this one can draw the following conclusion. The 

T D  

The apparent cause is the fact 

A comparison of observed and theoretical values of T D  leads to approximately - /79 
the same result: 2.0<~*<2.5. 

The observational data from the year 1965, presented above, were compared 
with data from 1962. To this end, the scattering functions, observed in 1962 
and 1965 in the autumn-summer period at small CPs were approximated by the Van 
de Hulst formula [ 131 : f~ (A, 7 )  = Ai T - q L  The quantity qA was determined from 
111 indicatrices obtained from observations on different days and in different 
spectral regions. 

The & parameters for the theoretical indicatrices were  determined in a 
similar fashion. The results are  presented in Fig. 48. The three lower lines 
represent the spectral dependence of the qA values corresponding to a Junge 
particle distribution with different v* and limits of r1=0.08 Vm andr:!=10 um[14]. 
The upper line for v*=2 was derived from the results of calculations by K. S. 
Shifrin and E. A. Chayanova [ 741. They did not perform detailed analyses cor- 
responding to different wavelengths and different distribution limits. However, 
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TABLE XII. Parameters of Polydisperse Aerosol from Theory 
and Observation Comparison Data 

i. V 1965, a. m. m (2,57-2,31,,s. V 1965. a .  m.m(l.20-1.19) 

2.5 

2: 
3-5 

4-10 - 

5.V1965. a.m.m(1,13-1,11)5.VI1965,a.n 

2,5 5-lo 
2; 5 6-10 
2.5 5 
2,5 6 
2,5 10 

2,O-2.5 
2,O-2.5 
2; 0-2,5 
2.0-2,5 
2,0-2,5 

Values to be compared 

1 

I V1965. a.m. m (4.62-3.4 6.V1965. a. m.m (1.95-1,70) 

2,O-2.5 
2 .O-2,5 
2.0-2.5 
2.0-2,5 

2.0-2.5 
2.0-2,5 
2.0-2.5 
2,0-2,5 

5-10 

- 290 2'5 I 
.v 1965. a.m. m (1,66-1,52 

10 

2's 2.0 I - 
;,V1965, a. m.m(l.33--1.24) 

I 
2,O-2,5 
2,0-2,5 
2,O-2.5 
2,0-2,5 

'2.0-2,5 
2.0-2.5 
2,0-2,5 
2.0-2,5 

2.5 3-5 

6-10 
2.0 

2. V 1965.a. m.m(l.30-1.22) 

2.5 
2.5 

2.5 
2.5 

2.5 

2.5 

10 
10 
6 

6-10 
10 

- 

10 
10 
10 
10 
10 

10 

5-10 
5-10 

5 
5 

10 

10 
10 
10 
10 

5-10 

2,o 2.0 

t~ (3.15-2.65) 

Table 12 (cont'd) on next page. 

84 



TABLE XII. (cont'd). 

2.0-2,5 

2,0-2,5 

2.0-2.5 

2.0 

. vn 1965, 

2.0-2.5 

2.5 

- 
1 

W 1965. a .  m. m (1, %-1.71)1 
I 

- 2,O-2.5 - 
2,O-2 I 5 - 
2.0-2.5 - 
2,O-2.5 - 2.0-2,s 

2 .o i 

7. IX 1965. a. m. m (3.073.70 - 2.0-2,5 
- 

2.0-2.5 - 
2.0-2.5 - 2 .O-2,5 
2.0-2.5 - 

- 2.0-2.5 

W 1965. a. m.m (1,42-1,31) - 2.0-2.5 
- - 2 3-2.5 

2.0-2,5 
2.0-2,5 - 

2.5 10 

2.0 - 
18.Vml965, a.m.m(2,97 

2.0-2,5 1 - 
-2.70) 

I -  , 

I lo - 
I -  

- - - 1 - 
2.0-2.5 
2.0-2.5 
2.@-2,5 

2.0-2.5 
2'0--2*5 I - 

vII 1965.a. m.m(2.98-2.00) 
2.6 1 10 

2.0-2 3 
2.0-2.5 

2.0-2.5 - 
2.0-2.5 

2,5 I 10 
2.5 5-10 

2.0 I -  
7. I X  1965.a. m.m(2.76-2.40) 

2.0-2.5 

2.0-2.5 
2.0-2.5 
2.0-2.5 

2.0-2.5 

a .o 

/77 

Note: Commas represent decimal points. 
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Figure 48. Spectral Dependence of the Exponent in the Van 
de Hulst Formula. 

. I r*- 40 

40r 500 600 700 R m .  

f D (2") Figure 49. Spectral Dependence of -. 
T D  
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the shape of the curve (Fig. 48), corresponding to v*=2 is fairly representative. 
The observational data a re  denoted in the figure by circles (1962) and by points 
(1965). The dashed lines depict the observed spectral behavior of q i  from data 
of certain selected series. 

A s  seen from the figure, the linear (within the experimental e r ror  limits) 
dependence on q A  on A agrees with theory. The values of the parameter v* lie 
primarily within the interval 2<v*<2.5. The theoretical and observed values 
of the ratio of f D ( A ,  'f) at q=2" to the aerosol optical thickness T~ a re  com- 
pared in Fig. 49). The upper line was determined from the data of 1741, the 
lower-from [ 141 for v*=2.5 with r = 0.08pm and r = 10 pm, fo r  v*=3  with 

rl = O .  04 pm and r2 = 10 pm, and for v*=4 with rl = 0.04 pm and r2 = 3 pm. The 
observation series are denoted by circles (1962) and points (1965). 

- /BO 

1 2 

Winter Observations 

An analogous comparison of observational data and theoretical calculations 
[ 14, 741 for optical thicknesses and scattering functions of an atmosphere aerosol 
has also been done for widter measurements. The angular and spectral depend- 
ences of the scattering functions were compared. For this, both the theoretical 
and experimental functions were normalized in the following manner: 1) in com- 
paring the angular dependence i t  was assumed: P D  (IO")= f ~ ( 1 0 " ) = 1 0 0 ;  2) in 
comparing the spectral Characteristics-PD (650 pm) = fD(650 pm) = 100. In all 

cases of good agreement of the normalized functions f ~ ( y )  and P D  (2"), the value 
of P D  

retical value (Fig. 50). A similar situation was also observed in comparing the 
spectral dependence p D ( i )  with f ~ ( i ) .  The curve of the spectral dependence for 
cp=2" agrees better with the model for which v* is less than the values of this 
quantity determined from scattering angles of q=4" and cp=10" (Figs. 51, 52). 

was systematically found to be greater than the corresponding theo- 

In 16 of 27 series,  the curves P D  = P D  (9) and = P D  corresponded to 
different models o r  generally did not coincide with any one of the theoretical 
curves. A s  a rule the angular dependence F L D ( : ~ )  is described by larger values 
of v*, than the spectral. In 59% of the cases i t  was found that a Junge aerosol 
size distribution is not fulfilled. In 41% of the cases i t  could be stated that the 
aerosol scattering functions for small angles, observed during winter time, coin- 
cide, both in angular and spectral behavior, with the theoretical values calculated 
for a fully defined model of a polydisperse aerosol (Junge distribution--Y*=2.5-3). 
However, even in these cases the value of @ D  (2") turns out to.be larger than the 
theoretical (in the long wavelength region this difference is more pronounced), and 
i ts  wavelength dependence corresponds to the analogous theoretical curve [ 141 
for +=2. This gives a basis for assuming that an especially coarse aerosol 
fraction, which influenced the sky brightness at very small angles cp d2" was 
present in the atmosphere in large amounts during the winter observations. 
Some difference in the Y* values for different h supports this notion (for large 2, 
the Y* values were smaller). 

A comparison was also made of the theoretical and experimental values of 
the ratio of the scattering function P D  (4") to the aerosol optical thickness T D  A s  
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Figure 50. Angular Dependence of the Aerosol Scattering 
Function for 0.55 pm. 1-6-Data from Theoretical cd- 
culations: Points-Dee. 17, 1965, a.m. , Crosses-Dec. 
17, 1965, p.m., Circles-Dee. 10, 1965, p.m., Trimgles- 

Feb. 11, 1966, a.m. 

p N 

zo I 

Figure 52. Spectral Dependence 
of the Aerosol Scattering Function 
PO at (~=4'. Symbols a re  the Same 

Figure 51. Spectral Depend- 
ence of the Aerosol Scattering 
Function P D  at 9'2". Symbols as in Fig. 50. 
are the Same as in Fig. 50. 

already mentioned above, such a com- 
parison enables one to explain the role of the fine fraction qualitatively, without 
recourse to measurements at large scattering angles. Such an analysis showed 
that the experimental values of pD turn out to be tou low, compared with the 

' D  
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theoretical values. This can be caused by different reasons, in particular a 
large number of Aitken nuclei than that assumed in the calculations of [ 141, and 
by the fact that the refractive index of the aerosol particles is m>1.50. 

It is of interest to note that the observed and theoretical data coincide at 
relatively high turbidities and large values of P D  I (characterized by small 
values of v*). In this regard i t  is worthwhile to cite the comment of Junge [951 
on the fact that departures from the Junge aerosol particle size distribution 
emerge more markedly at low turbidities. 

Let us compare the results of summer and winter observations. A s  shown 
previously, the Junge particle size distribution provides a good description of cer- 
tain optical characteristics of the coarse aerosol fraction on an autumn-summer 

observed in the real atmosphere. Also characteristic a re  smaller values of the 
scattering function at angles of y 5 10" than in the summer and less indicatrix 
asymmetry Y (the dependence of Y on 3. is also different). For a Junge particle 
distribution in the case of summer observations: 2< v*<2.5, and for winter: 
2 . 5 4  v* 4 3  . (only the coarse aerosol fraction is involved here). 

day. Under winter time conditions, in many cases a Junge distribution is not - /82 

It is of interest to compare the average observed scattering functions FD (A, 'p) 

and the aerosol optical thickness T D  (A) with theoretical data for autumn-summer 
and winter observations. 
spectral behavior of the average values of the aerosol function F D @ ~  Y )  are  well 
described by the corresponding theoretical curves, calculated for v*= 2.5 (r2= 10 

ym). The values of - however, a re  too large compared with f, , corresponding 
to an exponent of v*=2.5. 
aerosol fraction a re  described well by Junge curves for a value of v*=2.5. The 
averaged data also confirm a deficiency of fine particles in the real atmosphere, 
compared with their number in the models of [ 141. An analogous comparison of 
theoretical and winter experimental data leads to less definite results. Thus, 

the curves of C D = P ~ ( Y )  coincide with the theoretical, calculated for v*=3 (the 
value of FD(2") coincided with the theoretical function f~ (2") for ~ * = 2 . 5 ) .  At 
the same time the spectral dependence of 
theoretical calculations at_v*=2.5 (r2=3 - cm). Thus, some discrepancy is 
observed in the functions p D ( y )  and F D ( k )  (if a Junge particle size distribution is 
assumed). Even if the curves )LD (y) and F D  0.1 are  satisfactorily described, within 
the e r ror  limits, by the calculations for 2.5<v*<3, then it is necessary to take 
account of the unusual problem at ' ~ = 2 " ,  where the values of pD(za)  usually 
correspond to an exponent of v*=2.5 ( r ~ =  10. 10-4cm). One is obliged to 
assume the presence, in the winter atmosphere, of a small number of very 
large particles that Lave their major effect on the scattering at rp < 2". The 
lower values of TD / TD compared with theoretical values of f & ~ ,  calcu- 
lated at v*= 2.5-3, most likely indicate either a surplus of Aitken nuclei 
compared with their assumed number [14] o r  that the refractive index of the 
real particles is n> 1.50. 

Thus, we see that on the average the summer atmosphere differs from the 
winter not only in the size of the coarse aerosol fraction (by about a factor of 5-6), 

For summer observations, both the angular and the 

PD 

=D' ' D  
Thus, the average optical parameters of the coarse 

( I )  at (P=4" corresponds to the 
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but also in its distribution. The fine particle fraction in the total aerosol mass 
is also clearly different. 

In many cases (especially in winter) the character of the spectral dependence 
of the scattering functions and .the aerosol optical thickness indicates the presence 
of particles with a preferential size in the atmosphere. It is completely possible 
that the anomalies in the spectral behavior of PO and TO observed by us, a r e  ex- 
plained either-by a Gaussian particle size distribution or ,  a s  Junge [951 and the 
authors of [ 591 assume, by the fact that each aerosol fraction is characterized 
by a Junge distribution with a different exponent v*. Direct measurements of the 
aerosol particles by Laktionov [ 1391 favor this assumption. However, the 
theoretical work on calculating one o r  another optical parameter of a polydisperse 
aerosol with the particle size distributions mentioned above is still not sufficiently 
detailed. The calculations of L. Foitzik [ 191 of the optical parameters of aerosols 
with a Gaussian particle distribution a re  insufficiently complete and, therefore, do 
not permit a detailed analysis of the observational data obtained by us. 

- /83 

Observations Under ... High-Altitude Conditions 

In September 1966 we measured the sky brightness a t  small angular distances 
from the sun ((p=2--1Oo) in the Great Alma-Ata lake area (h = 2800 m above sea 
level). The observations were made with a photometer with interference light 
filters (Aeff = 0.405, 0.447, 0.542 and 0.650 pm). 

On the basis of the measurement data, the aerosol optical thicknesses TO 

and the scattering functions !JD (?, ;.), were determined, which were compared with 
the results of theoretical calculations [ 14, 741. 

Let us briefly discuss the general characteristics of the observed aerosol 
optical parameters (PD and T D ) ,  the data for which are  listed in Tables 14, 15. 
It is interesting that even at an altitude of h = 2800 my  large aureoles were often 
observed for which the values of PO (2") for h=O. 553 pm varied from 0.158 to 
2,18. 
the interval 0.001<~~<0.152. The angular behavior of the scattering function 
PD=PD(~). is also quite varied. The angular and spectral dependences of the 
function PD and of the values of 70 are  discussed below when the observational 
data a re  compared with the calculations made in [ 14, 741. The following com- 
parisons were made by us: 1) the values of the angular dependence of the scat- 
tering functions, normalized to the condition p~(2')- fD(2")=100"; 2) the values 
of the spectral dependences at cp=2", normalized to the condition p D (0.650 pm) = 
fD(O. 650 pm) =loo;  c)  the values of the ratios of PD(;-) and f ~ ( k )  to the optical 

thicknesses I @) for cp=2". 

The aerosol optical thickness for A= 0.553 pm varied from day to day within 

In five of 17 cases the observed angular and spectral dependences of the PD 

functions were described by theoretical curves with v* lying in the interval 
2=v'><2.5. For 9 series, the coarse aerosol fraction had a Junge particle size 
distribution characterized by an exponent ~ * = 2 . 5  and r2 = 5-10 pm, and on Sept. 
12 for two series the distribution could be represented by a model with v*=3  
and r2 = 10 pm. We note that the increase in the total number of particles toward 

midday usually had a small effect on the aerosol distribution. 
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On Sept. 2 ,  p. m., the character of the spectral dependence of !I ~ ( 2 " )  cor- 
responded to the theoretical calculations for v*=2.5 and r = 10 pm, and the 
angular dependence of ?D(CP)  can be characterized by a curve with v+<2. 
viously, the real aerosol distribution in this case could not be described by the 
Junge formula. In two series (Sept. 14 with mg = 4 3 4  and Sept. 13 with mg =1,60) 
and anomalous scattering was observed for lt=0.542 apparently caused by the 
presence in the atmosphere of particles with a preferential size. 

2 
Ob- 

PD f D  A comparison of the values of - and - showed that in some cases the ob- 
=D 

served values a re  much too large. This can be caused either by an insufficient 
number of fine particles o r  by the fact that the refractive index of the aerosol 
particles is m<1.5. However, under our conditions (the hot continental climate 
of Central Asis )  one can expect that m>1.5. At the same time, such large dif- 
ferences between theoretical and observational data (factor of two and more) can 
hardly be explained by anomalies in the particle distribution [ 1521. 
most acceptable is the conclusion that the number of Aitken nuclei in the models 
of [ 141 is too large compared with their number in the area of our observations. 
It should, however, be mentioned that at a high altitude (h = 2800 m, where 2.5 4 
Y* < 3) the role of the fine particles in light scattering is somewhat greater than 
at an altitude of h = 1450 m. 

Probably the 

5. Brightness and Light Polarization of the Daytime Sky at  
Large Angular Distances from the and the Size 

Distribution of the Atmosphere Aerosol 

Let u s  consider the question of the effect of a change in the aerosol particle 
size distribution on the sky brightness and light polarization. 

Let u s  represent the observed brightness indicatrix as the sum of three 
terms: 

where pi is the atmosphere scattering indicatrix which, in turn, can be expressed 
in the form of a sum of Rayleigh PR (f) and aerosol P D  ( 9 )  components: PZ (cp) and 
Pq are  terms produced by multiple scattering and by light reflected from the under- 
lying surface. 

The quantities Pz(7) and p4 can be found with the aid of the tables of [23 ,  24! 
in which are given the results of a numerical solution of the transport equation 
for radiant energy in the atmosphere for cases of anisotropic scattering. In 
calculations of the aerosol components the tables of [ 14, 791 a re  used for dif- 
ferent polydisperse aerosol models with a refractive index of 1 . 5  and a Junge 
particle size distribution law. 

The brightness indicatrices ~(rp), calculated for different aerosol models, 
are listed in Table 13. The limits of the variations of the value of Y* (from 2 to 
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3) were  selected on the basis of the results of a study of aerosols (see foregoing 
paragraphs). 

From the table it is seen that a s  the parameter v* changes from 2 to 3 in the 
h=O. 65 ym region, the difference between the pvalues does not exceed 10%. Cal- 
culations were not made for v*=2 in other spectral regions; however, it  is clear 
that this difference will be even less  since with a decrease in wavelength the con- 
tribution of aerosol scattering to the total sky brightness will be less. If the 
accuracy of the p ( q )  measurements amounts to -5%, then even in the case of a 
perfectly accurate specification of the values of ~8 and -D the form of the ex- 
perimentally determined function, all things being equal, does not enable one 
to make a judgment concerning the particle distribution of the atmosphere aerosol. 

Let us consider the question of the effect of the aerosol particle size dis- 
tribution function on the light polarization of the daytime sky. 
culations were made of the degree of polarization, for different polydisperse 
aerosol models, in the solar vertical at an angular distance of Cp=90" from the 
sun. In the calculations the following parameter values were assumed: Z o  = 78"; 
turbidity factor (for h=O. 55 pm) T = 1.8: the Y* value was varied from 2.5 to 4: 
the radius value varied within the intervals: 0,08<rm,,6 10 ym, 0.04-<rmi, --< 3.0 
pm The aerosol degree of polarization PD in this case varied from 0.02 to 
0.59. 

To this end, cal- 

The results of calculations of the maximum degree of polarization are  listed - /85 
in Table 14. From this i t  is seen that a fairly broad range of variations in the 
particle distribution leads to some changes in the maximum polarization of the 
sky light. The differences in P, as one should expect, increase with an increase 
in wavelength. 

Can one draw any conclusion concerning the aerosol particle distribution 
from the change in degree of polarization? In practice, the question of measure- 
ment errors  becomes the determining quantity in this case. 

The polarization, to a large extent, depends on the optical thickness and 
the albedo of the underlying sudace. In order to estimate how important i t  is 
to take these facts into consideration, the following calculations were made. 
The maximum degree of polarization in the redregion of the spectrum at A=O.S5 
pm. where the relative role of the aerosol is quite large, was calculated for 
two values of the atmosphere transmission coefficient p + A p  and p-Ap and two 
values of the albedo of the underlying surface Q - &Z and Qfdq, where A p  and 
A q  are  the errors  in determining these quantities (p = 0.875i 0.009 and q = 
0.20 k 0.05). The results of calculations for T = 2 are  shown in Table 15 and 
refer to a %ormal'' Junge distribution (v*=3; 0.04 Qr<lO pm,) and to two widely 
differing aerosol models. 

A s  seen from Table 15, the changes in the degree of polarization, associated 
with the shape of the aerosol particle distribution, lie at error  values whose mag- 
nitudes are determined by the e r rors  in measuring the parameters p and q. 

Since the role of aerosol scattering increases with a decrease of the scattering 
angle % then the question of the effect of the aerosol particle size distribution 
on the sky light polarizatim at  angular distances other than (~=90" from the sun 
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TABLE WI. Brightness Indicatrices for Different 
Aerosol Models 

0.40 

0.6 

~ 

~ 0,119 
0.078 
0.042 
0.029 
0,022 
0,021 
0,021 
0,024 

Y* 1 2.6 

. . ~ _ .  
0.060 
0.043 
0,034 
0,033 
0.038 

I 

0;oso 
0,043 
0.035 
0,034 
0.038 

20 

50 
70 
90 
110 
130 
160 

ao 

rl.10-4 c x 

r a . ~ ~ - 4  

0.257 
0,196 
0,131 
0.095 
0.082 
0.083 
0,089 
0,101 

- 

0.04 0.08 0.04 

15.5 10.0 3.0 

8.0 

0.04 

3 .O 

._ .- . 

0.259 
0,201 
0.135 
0,097 
0,083 
0,084 
0.090 
0.102 

I )1=0,65 

0.45 

2.6 

0.08 

10.0 

0.4 

P (7) 

0,140 I 0,140 
0.m9 0.102 

0,045 I 0,046 

q=0.2 

0.55 

0.8 

2.5 

0.08 

10.0 

20 
30 
50 
70 
90 
110 
130 
150 

0.0738 
0.0471 
0.0238 
0.0153 
0.0118 
0.0111 
0,0117 
0,0138 1 

0.0793 
0.0499 
0,0247 
0.0156 
0.0121 
0,0115 
Q ,0120 
0,0141 

0,0824 
0,0534 
0,0265 
0,0166 
0.0128 
0,0121 
0.0126 
0.0145 

0.04 

3.0 

0,121 
0,082 
0.044 
0,030 
0,023 
0,022 
0,022 
0,024 

* 
Values of TI are  taken from [ 341. 

Note: Commas represent decimal points. 

must be considered. Corresponding calculations for  the h= 0.55 pm spectral re- 
gion, turbidity factor of T = 2 and 20 -78" are  listed in Table 16. From this it 
is seen that other scattering angles values do not have marked advantages for 
determining the particle distribution from measurements of the degree of polari- 
z ation. 

/87 - 

Let us consider the qeustion of the dependence of the degree of sky light 
polarization on the refractive index of the particle size distribution with an 
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2.5 0.43 
0.46 

‘min 0.53 

0.50 
0.54 
0.60 

‘ 0 0  
0,03 
0,11 
0,20 
0,35 
0,49 
0,56 
0.50 
0.41 
0,28 
0,20 
0.09 

0.03 
0.12 
0,22 
0,39 
0.57 
0.63 
0,58 
0,46 
0,32 
0,22 
0.10 

0.01 0.01 
0,04 -0,04 
0,13 0,13 
0.28 0.23 

-~ 

0,Ol 
0,04 
0,12 
0.22 

0,02 
0,06 
0.17 
0,28 
0,46 
0,64 
0,69 
0,64 
0.51 
0.35 
0,25 
0.13 

0,oz 
0.06 
0,16 
0.26 
0,42 
0,56 
0,63 
0,56 
0,46 
0.31 
0,23 
0.12 

TABLE XIV. Values of Maximum Degree of Polarization 

0.69 
0.88 
0.68 
0.68 
0.67 
0,68 
0.73 
0.73 
0.71 
0.72 
0,71 
0.72 

~ 

0.62 
0.11 
0.10 
0.26 
0,29 
0.54 
0.65 
0.12 
0.15 
0.26 
0.46 
0,56 

0.40 

0.45 

‘mas 
‘min 
‘max 
“in 
‘mas 
‘min 
‘ma, 
‘min 
rmax 
‘min- 
rmax 
‘min 

0.09 
0.12 
0.21 
0.27 
0.46 
0.57 
0.10 
0,13 
0,24 
0 9 2 7  
0.51 
0.59 

0.68 
0.68 
0.69 
0.69 
0.72 
0.74 
0.64 
0,64 
.0,66 
0.67 
0.72 
0.74 

’ 2.5 

3.0 

, 4.0 

’ 2.5 

-3.0 

4.0 

2,s 

0.55 3.0 1 4,o 

TABLE XV. Accuracy of Degree of 
Polarization Calculations 

0.04 <rmin < 3  pm 
0.04 <rnOrm<lo p m  

0.08 a 0  p m  

p=0,866, p=O,884, 
q=0.25 I q=O .15 .v* 1 r I 

TABLE XVI. Angular Dependence of Degree of Polarization - - 

zo 

- 
50.2 
4 3 9 9  
32.8 
2 3 , O  
11,4 

0 
-11.4 
23.0 
32.8 
43,Q 
50.2 
58.6 

, v*=2,5 

r m i n  I rmax 
-- 

an 

2 
II 
0. - 

0,02 
0,06 
0,15 
0,23 
0.40 
0.53 
0,60 
0,54 
0,44 
0.30 
0.22 
0,11 

0 

0. 
!i 

- 
0 

0.03 
0,12 
0.22 
0.39 
0.57 
0.63 
0,58 
0.46 
0.32 
0.22 
0.10 

0,Ol 
0,04 
0.14 
0,30 
0,42 
0,59 
0,64 
0,59 
0,47 
D,33 
D.23 
D.11 

0,02 
0,06 
0.16 
0,25 
0.44 
0.61 
0,67 
0,62 
0,50 
0,34 
0,24 
0.12 

0 
0,03 
0,11 
0,20 
0,35 
0,49 
0,55 
0.50 
0,41 
0,28 
0.20 
0.09 

0.42 10.47 10142 

Note: Commas represent decim 
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- . .... ._. .. ._ ,.,,_... .,,,, , 

zo 

5092 
48.9 
32.8 
23.0 
11.4 

0. 
11.4 
28 ,o 
82.8 
4899 
53.2 
58.6 

TABLE XVII. Dependence of Degree of Polari- 
zation on the Refractive Index 

I P 
~~~ 

m=1,25 

q=o 

0.02 
0.06 
0.18 
0,30 
0,SO 
0.67 
0.71 
0.64 
0.51 
0.35 
0.26 
0.13 

~ 

q=0,25 

0.02 
0,05 
0.17 
0.28 
0.44 
0,57 
0.63 
0.55 
0.45 
0.31 
0.23 
0,12 

m=1,50 

q=o 

0 
0.04 
0.13 
0.23 
0.41 
0.59 
0.65 
0.60 

0.33 
0.23 
0.11 

0.48 

q=0,25 

0 
0.04 
0,13 
0.22 

0.51 
0.58 
0,52 
0.43 
0.29 
0,21 
0.10 

0.38 

Note: Commas represent decimal points. 

exponent of v * = 3 ,  T. P. Toropova calculated the polarization components of the 
scattering functions for two types of polydisperse aerosol with a refractive index 
of 1.25 and 1.50 
the degree of polarization in the solar vertical at Zo =78" on the refractive 
index are  listed in Table 17. 

171. The results of calculations of the angular dependence of 

From a comparison of Tables 16 and 17 it  is seen that the difference in the 
values of the degree of polarization is practically the same both as  a function of 
the refractive index and as  a function of the shape of the particle distribution. 

- /88 

Thus, measurements of the sky light brightness in the visible and ultra- 
violet spectral regions for a relativeiy high atmospheric transmission can hardly 
be used for studying the physical characteristics of an atmospheric aerosol. 
Polarization studies in the infrared portion of the spectrum, where multiple light 
scattering in aerosols becomes the dominant factor, are  obviously the most 
promising in this area. 

CONCLUSION 

The question of a more rigorous solution of the direct problem is formulated 
in this paper on the basis of data from direct observations of day time sky bright- 
ness and polarization, and an analysis is made of the possibility of solving the 
inverse problem. 

The proposed analysis methods enable one to determine the brightness and 
polarization for a large portion of the sky (excluding the region of small angular 
distances from the sun) with an accuracy that is satisfactory for many practical 
problems. 

/89 - 

The results of investigations bf the major atmospheric optical parameters, 
their variations and interrelationship, presented in this paper, make i t  possible 
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to draw conclusions about a variety of optical effects and possible variations of the 
radiation field during clear weather in the daytime. 

With respect to  the 'inverse problem, one can say the following, Serious at- 
tempts to  determine the aerosol distribution from optical observations of the 
daytime sky have essentially only now begun. By makingmeasurements at 
small scattering angles, one can obtain some information about the coarse aerosol 
fraction. However, starting from brightness and polarization measurements a t  
large scattering angles, it is impossible to draw any definite conclusions about 
the particle size distribution of an atmospheric aerosol. 
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APPENDIX 

TABLE la. Sky Spectral Brightness B (W/cm2-sterad-pm) x l o 2  
._ - (Go 

2" 0 45 90 135 180 0 45 90 135 180 0 45 90 135 180 
-~ 1 1 2  1 3  1 4  1 5  1 6  1 7  1 8  1 9  ~ 1 0 ~ 1 1 ~ 1 2 ~ 1 3 ~ 1 4 ~ 1 5 / 1 6  

____.  -. __ 
- 
-------____------- 

0,248 
0,361 
0.693 - - 

p,,=0,86&0,01; T -0.16 b- 
27.VIIf 1965. a. m. 1=0,691 pm; 

Z -70".4 Z0 =63", 3 e- Z8 =78".1 

0,248 0,248 0,248 0,248 

0,440 0,260 0,202 0,190 
0,641 0,3OO0,~40.226 
0,8870,3940,3220.340 

0,313 0,245 O,205b, 195 

45 0,320 0,166 0,083 0,069 0;072 0;  550 0,235 0,100 0,079 0,082 0,301 0,127 0,091 0,092 :$ 1 b, 0,5400,2080,203 290/(1,112~,099~0,108~ 0,215 I /0,366~0,140/0,114)0,123/ 0,5490,2390,2130,239 1 1, 0,6570,2570,2310,249 M6/0,169~,126/0.132 
- 

00,332 0.3320,3320,3320,3320.438 0,438'0,4380,4380,4380,5460,5460,5460,546~0,546~ 
50,4060,378 0,331 0,310'0,303 0,579 0,5240,443 0,4020,3980,734 
0 0.610 0,495 0,381 0,353'0,353 0,848 0,669 0.481 0,417 0,408 1.13 

'51,04 0.6810,4490.445~0,463 1.53 0,9070,5580,5060,516 - 
€0 - 0,9510.5750,606~0.669 - 1.19 0.6990.6880.741 - 

27.VIII 1965. a.m. )1=0.553 p m : pb=O,82&0,01; q,=O.m 
2 -68O.6 Z 0- -6lO.3 0- Zo = 76' 

0,660/0,5460.48510,462 
0,846 0,582 0,49210,464 
1.10 0,6560,5680,568 
1,41 I 0,8010,74710,788 

0,386 0,388 
0,557 0,'48€ 
0,994 0.67s - 0.918 
- 1.22 - 1.65 

761 - 11.01 10,51410,494]0.5701 - 11,19 10,55410,54110,6141 - 11.30 )0,69310,575]0,635 
27.VIII 1965. a. m. 1=0,404 11 m; pb=0,66&0,01; q=0,42 
2 -72O.5 Zo =65",8 Zo =58',7 0- 

0,386 0,386 0,386 
0,3820,3180,324 
0,407 0,312 0,290 
0,4530,351 0,342 
0,5690,4820.500 
0,865(0,8160,902 

761 - 11.28 10,794:0,878!0,9931 - 11;56 10;95011,01 11.12 1 - [1,71 ll,08 I l , l O  11,20 
7.IX 1965.a. m. )1=0,691 p m ; pb=0,86&0,2; 7 -0.15 

Z ~ = 7 6 " , 1  Z0=69",9 = 61". 6 

7.IX 1965,'a.m. ),=.0.495 p m : pb--0,76&0.02; Tb"0928 
Z =65".7 Zo= 58',2 
0 Z 72",2 
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TABLE l a  (cont'd) 

16 

46 
60 
75 

1l.IX 1965. a. m. I.= 0,691 p m; &,-0,88a 0.01; ~ ~ = 0 , 1 3  
2 -69',6 2 = 61'. 7 0- Z -76',7 0, 

0;4i8 0,386 0;3310;309 0;3010;530 0:480 0;400 Oj350 0~340'0~710'0~630 0~510~0;440'0~410 
300,632 0,502 0,363 0,321 0,326 0,840 0.630 0,430 0,360 0,360 1,17010,840 0,540 0.420 0,400 

1.11. 0,694 0,435 0,414 0.435 1,52 0,870 0,500 0,450 0,460 - 1,C9 0,610~0.5oO 0,490 
.- 1.03 0,579 0,589 0,662 - 1,240 0,660 0,630 0,694 - \1,49 0,770 0.690 0,730 - 1,60 0,8700,9581,104 - 1.79 11.00 1.04 1,18 - 1,98 1,13 11.14 1,26 

.--- -,-". 
&0~3040~1480~0710~0600~0640~4050~1790;0810~0630;064 @I z ~0.258(0.104(0,092~0,103/ 1 IO, 289~0,113~0,094~, 1021 10,32510,126lO. 0;2250~0980,06gO,O6g 10110,106 

0,4880,1790,1740,202 0,4840,1930,181 0.209 0,4950,2140,1950,21~ 

11.IX 1965 a.m. )i=0,650 p m ;  Pb=0.88~0.01; ~ ~ = 0 , 1 3  
2 -67',7 Z0 =59".8 0- 20=74" ,8 

46 0,4060,2060.1010,0840,0890,5780,2520.1150.089 0,093 - 0,3130.1340,1000,096 z 1 0,3540,1430,129 1 1 I 0,145 1 - 1 0,3930,155 1 1 0,1320,146 1 1 1 ~ 0 , 4 3 3 ~ 0 . 1 6 9 ~ 0 ~ 1 3 8 ~ 0 . 1 ~ 2  
0,632 0,249 0,245 0,285 - 0,6580,278 0,257 0,291 0,652 0,300 0.271 0,292 

U.IX 1965 a. m. ).=0.447 , p m; ' -0,74-t 0,Ol; ;b=0-,30 
=72", 4 2 = 650,s -57O.2 

010 32410.32410.324fO. 324lO.324l0.390~0.390l0.39Ol0.390l0.390i0.506l0.506l0.506l0.506l0.506 

TABLE lb. Sky Spectral Brightness B (W/cm2-sterad-un) x l o 2  

l2.VI 1964, a. m. )i-0,340 p m; pb=0,481; %=0,73 
z0 =44O, 1 20-41". 5 

,8 1 0.89 I 0.59 I0,59 I0,59 I0,59 I0,59 0,64 10,64 Io,64 I o , 6 4  I o 9 @  10.64 
0.64 0.60 0.68 0.53 0.51 0.50 0.74 0.70 0.64 0.60 0.58 0.57 

80 I1 ,05 I0;84 I0 ,71  IO,66 10.66 I0,67 I1,16 I0 ,93  I 0.78 ] 0,71 10.70 10,71 

2" I 15 I 45 I 75 I 105 1 135 [ 165 I 2 I 32'1 62 I 92 I 122 1 152 
- 

Z0 =31° .2 Z0=26'.4 

0.78 0.78 0.78 0,78 0.78 0.88 0.88 0.88 0.88 0,88 0.88 
1: I8:xlf I0.,89 I0,81 I0,76 10.70 I0,68 I 1.16 I1,07 1 0 , s  I0,86 10.79 10.76 
20 11.31 0.96 0.81 0.72 0.66 0.63 2.12 1.18 0.95 0.82 0.74 0.71 
30 . l ;& 1I03 0;85 0172 0167 0;63 2;13 l ;26 OI94 0184 0;74 0;69 
40 1,35 1.02 0,85 0.73 0,66 0,62 1.34 1.18 0.97 0.82 0.74 0.68 
60 1.31 1,06 0.87 0.77 0.70 0.67 1.28 1.16 0.97 0,85 0,76 0.72 
60 - - I  1.24 i 1,08 I 0,91 I 0,79 I 0.75 I 0,72 11.25 I I 1.15 I 0,98 I 0,85 I 0,78 I ,  O,S5 

Note: Commas represent decimal points. 
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TABLE 2a. Sky Spectral Brightness at Small Angular Distances from h, 

19.3 1 22,3 
23,6 20.7 
26,4 23,l 

~ ~ ~~ 

cp .$ 10' (autumn-summer observations) 
. - ~ _ _  
Date 6.V 1966. a.m. I 12.V 1966. a.m. I 16.V 1966, a.m. I 6.VI 1966. a.m. 1-1 

18,9 
19.9 
21,6 

____ 
7.W 1966. a. m. 

26,7 26,2 
26,9 28.0 
28,2 30,6 

24,Q 
26,5 
28,3 

0,691 
0,660 
0,663 
0,620 
0,496 
0,470 
0,447 
0,423 
0,410 

29,l 
31,8 
30,3 
28,4 
30.0 
28.2 
24.3 
16.7 
12,4 

1 
mO= 

p m  I =2,90 
'ma= 
=1,40 

2 1 3  12 I 13 14 

47.1 40,6 
63,6 44,2 
65,l 62,9 
65.6 66,5 
65,O ' 68,O 

- 
29,5 
30,3 
31,7 
46,O 
46,l 
48,4 
47,6 
27,3 
33.6 

- 
13,4 
14,6 
18,4 
19,3 
17,6 
21,6 
22.6 
19.3 
16,2 

61,4 
6 3 , O  
6894 
70,6 
74,2 
78.1 
68,O 
73,s 
69,O 
45.4 

29,9 
31.1 
35,8 
38,8 
39,9 
43,l 
36,6 
36,8 
31,9 
26,4 

46,2 
44,6 
49,O 
63,3 
66,8 
73,6 
73,9 
67,l 
62,6 
47,B 

23,6 
23,6 
28,7 
33,4 
34,Q 
37,6 
36,l 
36,3 
31,6 
24,l 

34,8 - 
36,B ' 26.2 
36,l 26,6 

- 
64,2 
70.9 
77,3 
79.6 
00,Q 
79,4 
71,2 
6894 

23,l 
27.1 
30.7 
36,4 
39,3 
41,l 
41,7 
41,O 
37,2 
32,4 

40,8 26,9 
60,2 33,7 
49.9 36,6 
49,3 36,2 
48,4 38,2 30,8 
40.7 , 34,2 26,7 

73,6 
73,7 
71,6 
66,l 
62,4 

19,7 
21,2 
24,l 
24,7 
24,6 
33,4 
27,6 
27,l 
21,l 
19,7 

67,O 
65,3 
66,3 
67,2 
63.7 

16,9 
173 
19,2 
21,6 
22,2 
24,2 
24.7 
24,6 
19.9 
19,o 

41,2 30,9 30.6 

23.1 
21,6 

8.70 
7,40 
9,OO 
9.30 
9,70 
10.8 
11.6 
10,9 
9,20 
9,oo 

27,8 
31,6 
2 8 3  
21,9 
22,o 

8.80 
8 3 0  
10,4 
10,6 

12.6 
13.2 
12.0 
8,OO 
9,24 

i1.1 

38,6 
30,O 
27,6 

14,l 
16,O 
16,7 
'1399 
19.2 
19,1 
17.6 
16,l 
13,6 
10,8 

Note 

29,4 
24,6 
19 4 

9,61 
10,4 
11,3 
13,6 
14,2 
14.4 
13,9 
123 
11,2 
9,70 

31,6 , 21.0 
30,3 ' 
9,41 
9,40 
10,2 
12,o 
12,3 
13,3 
12,7 
14,a 
11.6 
11.4 

17.4 

7.80 
6,40 
14.1 
11,4 
11.4 
12.4 
11.6 
11.8 
9.80 
9.40 

18,O 
19,l 
17,8 
21,7 
21,4 
21,4 
20.2 
21,7 
14.0 
12,7 

14,4 
11.1 
16.8 
17,4 
10.6 
17,2 
16.2 
16,8 
14,6 
13.7 

Commas represent decim points. 
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TABLE 2a (cont'd) 

10,2 
10,2 
8,70 
11,O 

6" 1 0,730 I 12,7 I 11,O 8,20 
6,02 
7,79 

, 9,27 

4,30 
4.08 
6.74 
6.67 
7,14 

3,84 
4.42 
4,66 
6.68 
5.95 

6 

8,64 
9,34 
11,6 
11,3 
l l , 6  
13,2 
12,9 
12.8 
10,4 
10,6 

8,98 
9,37 
9,66 

6.74 
6,97 
7,22 

6,63 ,, 6,64 6,06 
6,lO 6,99 6,39 
6,70 7,70 6,86 
7,20 0160 7,12 
7,40 9,79 7,78 
8,20 9,80 7,70 
8,GO 9.30 7,70 
10,7 8,87 7,72 
6.70 , 7,06 6,7l 

0,691 
0,660 

-- 
8 

8,49 
8,64 
9.70 
13, l  
l3,6 
10,3 
14,4 
14,3 
12,2 
11,2 

- 
6,69 
7,27 
8,03 

9,30 
9,80 
10,l  
8,37 

9,a7 

14,8 
17, l  
17,O 
16,6 
17.9 
16,9 

~ 6,80 1 6,60 6,90 , 7,OO 

11,9 
14,O 
12,9 
13,2 
13,l  
14,l  

-1 

6,06 
6,74 
5,96 
0.37 
4,74 

9 1 10 

4,11 
4,63 
5.01 
4.84 
4,21 

20,6 
20,7 
22,o 
24,3 
21,2 
24,7 
17,7 
21,l  
13,2 
13,4 

14,6 
16,O 
16,3 
16,fJ 
16,4 
17,4 
12.3 
14,6 
12,4 

li,O 
16,B 
17,4 
21,6 
21,6 
22,6 
21 ,f 
19,4 
17,8 
12,l  

11.7 
11,o 
13,O 
12,o 
13,7 
16,O 
14,3 
13,7 
12,2 

10,o I 8,12 

- 
11 

16,s 
17.4 
17.9 
21,Q 
22,7 
22.0 
23.1 
22,8 lop6 9834 
21,O 10.6 8.11 
17,2 9,P4 7,86 

11,1 6,89 6,Ol 
12,6 7,11 8,98 
13,0 6,OQ 6,62 
16,7 8117 6,67 
14,4 7,60 8,12 
16,2 7,66 6,80 
16,3 7,13 6,6b 
16,s 7.02 7,04 
14,3 6,27 6,92 
12,O 1 6,OO , 5,49 

- 
14 

6842 
6.33 
6.60 
7,OQ 
7,63 
7.76 
7.86 
8,06 
6,99 

- 

6,M 

3,61 
3,64 
3,88 
4,86 
6,03 
6.42 
6.44 
6,82 
6,26 
6,06 

- 
15 
- 
6,8a 

7.26 
7.11 
9.04 
7,88 
8,66 
7x49 
6,48 
6,89 

6,33 
4.92 
6,98 
6,66 
6,63 
6,37 
6,90 
6.14 
6,67 
6,28 

6,44 

Note: Commas represent decimal points. 
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TABLE 2b. Sky Spectral Brightness at Small Angular 
Distances from Sun, ~ 5 1 . 0  (winter observations) 

Date 

1, p I: 

a0 0.77: 

4' 

6" 

8" 

10" 

Ok91 
0.65( 
0,617 
9,593 
0,553 

0,495 

0.447 
0,423 
0.410 
0,772 
0,691 
0,650 
0,617 
0,593 
0,653 
0,520 
0.495 
0,470 
0,447 
0,423 
0,410 
0,772 
0.691 
0.650 
0,617 
0,593 
0,553 
0,520 
0,495 
0,470 
0.447 
0,423 
0,410 
0,772 
0,691 
0,650 
0.617 
0.593 
0,553 
0,520 
0,495 
0.470 
0.447 
D.423  
D.410 
9.772 
3,691 
1.650 
1.617 
1.593 
653 

1.620 
D, 496 
1,470 
1,447 
1.423 
4410 

0,62a 

0.m 

- .  

._ 

3 

6.55 
7.50 
8.50 

9,lO 
9.80 
10.0 
9.52 
9.79 
8.82 
7.66 
7,73 
2.50 
2,91 
3-31 

3.86 
4.00 
4.16 
423 
4.47 
4.23 
3.73 
3.92 
1963 
1,96 
2,30 

2.70 
2.88 
3,13 
3.18 
3.45 
3.24 
3.11 
3.14 
1.26 
1.60 
1.83 

2.25 
2.45 
2.66 
2,78 
2,99 
2.92 
2.59 
2.76 
1.06 
1.38 
1,64 

1,95 
2.14 
2.39 
2.40 
2.68 
2.51 
2.44 
2.61 

- 

- 

- 

- 

- 

11.8 
14.7 
16.8 
17,8 
18.5 
19.4 
20,7 
21.2 
22,5 
19.2 
16,O 
16.4 
4.67 
6,97 
6,67 
7.61 

8.46 
8.92 
9.52 
9,92 
9.23 
7,85 
7.93 
3.04 
3.71 
4,34 
4.95 
5.32 
5.82 
6.43 
6,70 
7.21 
6.66 
6.12 
5.67 
2.26 
2,92 
3943 
3.88 
4,33 
4,68 
5,18 
6.59 
5,98 
5,90 
5909 
6,07 
1988 
2.44 
2,93 

3.59 
4.00 
4.45 
4.76 
5,11 
4990 
4.47 
4.57 

8,oa 

3.34 

- 
4,38 
4.54 
4.74 
4 74 
6,07 
6.18 
4.82 
6.84 
5.84 
4.27 
4,84 

2.08 
2.16 
2.41 
2,56 
2.76 
2,91 
2.84 
3.88 
3.62 
2,82 
3.24 

1,51 
1.75 
2.05 
2,02 
238 
2.43 
2.38 
3,33 
3.12 
2,54 
2,91 

1.36 
1953 
1.77 
1.78 
2.03 
2.18 
2.18 
2987 
2,81 
2,18 
2,64 

1,21 
1.38 
1965 
1.63 
1.85 
1.94 
1.92 
2.68 
2,59 
2,03 

- 

- 

- 

- 

2.89 - 

11. I1 19' 

ma =2,( 
~ 

~ 

si24 - 

6 

17.7 
21.1 
22.9 
24.1 
24.7 
27.3 
27.1 
26.3 
2794 
24,2 
17,l 
18,6 
6.62 
8.07 
8.88 
9.38 
9.70 
10,4 
10,9 
11.3 
11.7 
10.7 
8,35 
8,13 
4,23 
5.10 
5,76 
5,90 
5.97 
6.61 
6.87 
8.9% 
7,39 
6,54 
6,m 
5,67 
2.98 
3,62 
3,91 
4.12 
4.33 
4.79 
4,93 
5,12 
5.39 
5.06 
4.20 
4.37 
2.23 
2.70 
2,98 
3.21 
3.26 
3.67 
3.93 
4.00 
4.31 
3.80 
3.Al 

Note: Commas represent decimal points. 

14. 11 1966 

ma' 2,oo 

7, 

2.91 
3.60 
4.08 
4.27 
4.38 
5.12 
5.24 
5.35 
5.73 
4.90 
4.27 
4.44 
1950 
2.00 
2.38 
2.64 
2,79 
3.28 
3.43 
3.64 
3.94 
3.53 
3.24 
3.64 
1.37 
1.77 
2.20 
2.53 
2.54 
3.05 
2.82 
3.41 
3.73 
3.21 
2.96 
3.31 
1.24 
1.64 
1.98 
2.23 
2.36 
2.80 
2,91 
3.14 
3.42 
3.10 
2.72 
3,16 
1.15 
1.53 
1.88 
2.12 
2.18 
2.46 
2.72 
2.86 

2.78 
2.54 
2.81 

a.14 
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0,00417 
0.00361 
0,00302 

TABLE 3. Data from Calculations (upper and lower lines) 
and Observations (middle line) of the Sky Spectral 

Brightness B (W/cmZ-sterad-pm) 

0.00366 

Q 

15 

30 

45 

60 

75 

0.00281 
0,00248 
0.00211 

0,002a1 
0,00248 
0,00211 

11.IX 1965. a. m . 
0 

1s 

80 

46 

60 

75 

0 

15 

0.00158 
O.OOlI4' 
0,00107 
0,00246 
0,00179 
0.00164 
0,00448 
0,00339 
0,00290 - - - - - - 
- - - 

0,00313 
0,00266 
0,00470 
0,00440 
0,00343 
0,00639 
0,00641 
0,00456 
0.00849 
0,00887 
0,00616 
0,0120 
0.0130 
0.00924 

=u,tli)u p 
0,00158 
0.00114 
0,00107 
0,00212 
0,00150 
0,00143 
0,00292 
0,00216 
0,00197 
0.00402 
0.00313 
0.00268 
0,00542 
0,00433 
0,00376 

0,00782 
0,00652 
0,00554 

0,002a1 
0,00248 
0,00211 
0,00284 
0,00245 
0,00214 
0,00275 
0,00260 
0,00214 
0,003oa 
0,00300 
0,00242 
0,00397 
0,00394 
0,00311 
0,00605 
0,00693 
0,00491 

; pb=0,88 
o.ooi5a 
0,00114 
0,00107 
0,0015a 
0,00111 

*I 9 0.00109 
0.00157 
0 ;  ooiis  
0,00114 
0,00174 
0.00134 

0,00275 
0,00169 
0 ,  N172 

0.00350 
0,00300 
0,00290 

0.0012a 

0.132r 0,oi 
0,00281 
0,0024a 
0.00211 
0.00248 
0,00205 
0.00188 
0,00212 
0,00202 
0,00163 
0,00241 
0,00234 
0,00195 
0,00346 
0.00322 
0.002a1 
0,00591 
0.00575 
o,ow9 

3.01; 2 
0,0015a 
0,00114 
0,00107 
0,00134 
o.oooa7 
0.00095 
0.00112 
0,000a7 
0,00051 
O.OO131 
0.00100 
O.OOO98 
0,00187 
0.00138 
0;00148 

0,00320 
0.00271 
0.00268 

2 0'60' 
0,00281 
0,00248 
0,00211 
0,00227 
0,00195 
0,00172 
0.00201 
0,00190 
0,00157 
0,00241 
0,00226 
0,00197 
0,00360 
0.00340 
0.00300 

0,00635 
0,00557 

0,00158 
0,00114 
0,00107 
0,00149 

0.00086 
0.00104 

0,00075 
0,00131 
0,00096 
0,00100 
0,00189 
0,00142 
0,00156 

0,00350 
0,00292 
0,00302 

o,oos?a 

=59",8 

0. oooa5 

o,oooao 

6.IX 1965. a.m.  ?.=0.593 u m; pb-0.79t0,Ol; 2,=59',1 
0,00279 0,00279 0,03279 0.00279- 0,00279 
0,00200 G,OO200 0,03200 0,00200 0,00200 I 0.00203 1 0,09203 [ 0.03203 1 0,00203 I 0,00203 
0,00441 0,00370 0,00279 0.00237 0,00213 1 0.00312 1 0,00263 1 0,00194 I 0,00157 1 0,00148 
0,00303 0,002S2 0,00200 0,00171 0,00155 

Note: Commas represent decimal points. 
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TABLE 3 (cont'd) 

0,0352 
0,0335 
0.0334 
0,0033 
0,0355 

._ 

1 

30 

48 

60 

76 

0,0062 0.0032 
0,0065 0,0386 
0,0082 0,0330 
0,0081 0.0359 
0.0030 0.0056 

0.00495 
0,00382 
0,00347 

0.00636 
0,00505 
0,00479 

0,008S3 
O.OW39 
0.03532 

0.0122 
0.0103 
0,00317 

0,0053 
0.0053 
0,0052 
0,0054 
0,0052 
0.0058 
0,0056 
0,0033 
0.0064 
0,0070 
0,0078 
0,0074 

4 

0.00266 
0,03210 
0,00196 

O,OO296 
0,00231 
0,00217 

0,00370 
0,00290 
0.00277 

0 * 00542 
0.03466 
0.03427 

0,0052 
0,0053 
0.0051 
0,0057 
0,0053 
0.0056 
0,0056 
0,0060 
0,0065 
0,0070 
0,0079 
0,0078 

0,00196 
0,00142 
0,00143 

0,00218 
0,00166 
0,00162 

0,00304 
0.00228 
0,00232 

0,00507 
0,00417 
0.00396 

0,0359 
0,0374 
0.0372 
0,0377 
0,0377 
,0.0376 
0.0331 
0,0075 

6 

0.00182 
0.00140 
0,00134 

0,00215 
0,00161 
0,00162 

0,00312 
0,00235 
0,00239 

0.00542 
0,00450 
0,00430 

0,0362 
0,0033 
0,0334 
0,0070 
0,0069 
0,0071 
0,0075 
0,0077 

TABLE 4. Comparison of Theoretical Sky Brightness Values 
Bt (upper line) and Observed (lower line) Bo in the - 

Z0 

0 

10 

20 

30 

40 

50 

60 

70 

Ultraviolet Spectral Region B (W/cm'-sterad- um\ 
. ._ 

I v I 0 I 20 I 411 I 60 I 80 [ 100 I 120 I 140 I 160 1 180 
. 

0,0082 
0.0094 
0.0103 
0,0121 - , - 
0.0127 
0,0145 
0,0121 
0,0140 
0,0122 
0,0121 

O.OOfi2 0,0062 
0,0055 
0,0038 
o.ooa9 
0,0076 
0,0072 
0,0055 
0,0059 
0,0030 
0,0033 
0,0095 
0,0035 
0,iflOl 
0,0107 
0,0103 
0,0339 

3O.VII 1965, a.m.  A=0,34 p ; pb=0,492; 2 =41,5' 0 
0,0032 
0,0055 
0,0059 

0;0095 
0,0394 
0,0101 
0.0117 
0,0110 
0,0118 
0,0113 
0,0116 
0,0116 
0,0110 

0,0332 i 
0,0335 
0.0335 1 
0.073t 
0.03-0 I 
0,03TO I 

0,03i6' 
0,0378 ' 
0.0732 ' 
0.0378 
0,0333 I 

0.0335 I 
0.0!5? j 
0.0333 
0.03331 
0.0333 i 

010357 
0,0332 
0,0059 
0,0364 
0.0035 
0,0071 
0,0374 
0,0073 

0.0056 
0,0054 
0,0056 
0.0354 
0.0333 
0.0053 
0.0032 
0,0056 
0.0052 
0.0034 
0.0339 
0.0376 
0.0374 

Note: Commas represent decimal points, 
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TABLE 5a. Absolute Brightness Indicatrix Measurement 
Conditions 

Series 
No. 

1 
a 
8 
4 
6 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
28 
27 
28 
29 
30 
31 
3% 
33 
34 
35 
38 

I_ 

7.- 1962, a.m. 

2O.VI 1962. a. m. 

29.VI 1962, a. m. 

30.VI 1962, a.m. 

4.Vm 1962, a. m. 

17.VIzI 1962. a. m. 

23.VIII 1962, a. m. 
24-1 1962, a. m, 

8.IX 1962, a. m. 
2.IX 1962, a. m. 

9.VIII 1962, a. m. 

s 

D 
17.IX 1962, a. m. 

30.VII 1965, a.m. 
7.IX 1965, a.m. 

12.IX 1965. a.m. 
14.XI 1966, a.m. 

0.634 
0.642 
0.450 
0,542 
0.634 
0,634 
0,642 
0,450 
0,634 
0,542 
0,634 
0.542 
0,450 
0,634 
0,450 
0,450 
0,634 
0,542 
0,450 
0,634 
0,542 
0,450 
0,634 
0,542 
0,450 
0,634 
0,542 
0,450 
0,340 
0,340 

0,340 
0,312 
0,334 
0,358 
0.377 

0.87 
0,81 
0,76 
0,86 
0.91 

034 
0,77 
0,91 
0,86 
0.88 
0984 
0,75 
0,90 
0.75 

0.90 
0.84 
0-76 

0,83 
0,75 
0.90 
0,85 
0.77 
0,90 

0,78 
0,492 
0.37 

0,45 
0,27 
0.43 
0,56 
0.62 

0.89 

* 

o,a8 

o,a5 

- 
'90 
1 

4.37 
4.08 
5,12 
4.54 
4.08 
4.72 
4.22 
5.60 
4.72 
4.08 

3 
4.12 
3.30 
4.44 
2,16 
4.13 
3.30 
3.63 
2,65 
3,49 
3.00 
4.54 
3.94 
5,12 
4,91 
3.63 
4,13 
3.18 
4.58 
2.64 
3.73 
2,38 
2,34 
2,28 
2,22 

3.82 

Grass covering 

s 

. D  

s 

s 
s 

I 

b 

* 
Snow covering 

TABLE 5b- Absolute Brightness Tndicatrices* 
1 I 2 I 3 I 4 

.I 

E 1 
29 
39 
49 I 
68 
68 
78 
87 
97 

0,52 
0,40 
0,33 
0,28 
0,24 
0.152 
0,076 
0,053 
0.038 
0,025 
0,0181 
0,0135 
0.0107 
o:ooa7 
0; 0080 
0,0068 
0,0068 

29 
39 
48 
58 
68 
77 

96 
a7 

0,59 
0.47 
0.38 
0;32 
0,28 
0,167 
0,684 
0,063 
0,048 
0,035 
0,026 
0,020 
0.0166 
0;0140 
0,0125 
0,0114 
0,0114 

2.0 0.64 
2,5 0.52 
3.0 0,46 
3,5 0,36 
4,O 0,31 
5,9 0,21 

10 0.119 
15 0,094 
20 0.077 
29 0,080 

0,050 

0,036 
69 0.031 

0 ; o n  
0,027 

97 0,026 

199 
2.6 
2.9 
3.6 
3.9 
5,8 

10 
15 
20 
29 
39 
49 
58 
68 
78 .- 

87 
97 

0.22 - 
0.151 
0.129 
0,103 
0,096 
0,070 
0 * 050 
0,043 
0,037 
0,030 
0,024 
0,0193 
0.0158 
0.0132 
0.0117 
0.Olcn 
0.0098 

*The series number, information about which is con- 
tained in Table 5a, is designated at the top of the columns. 

Note: Commas represent decimal points. 
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TABLE 5b (cont'd) 

0,196 
0,126 
0,111 
0, os9 
0,079 
0,052 
0,033 
0,024 
0,0197 
0,0149 
0,0118 
0.0087 
0.0080 
0,0067 
0,0058 
0.0063 
0,0050 
0,0050 

1 
_ _  

106 
116 
125 
133 
141 
148 
154 

~ 

'Po 

1.9 
2.6 
2.9 
3.6 
3.9 
5,a 

10 
15 
19 
29 
39 
48 
58 
67 
77 
86 
96 

105 
114 
122 
131 
138 
145 
152 

199 
2.6 
2,9 
3,6 
3.: 
5.8 

10 
15 
19 
29 
39 
48 
58 
68 
77 
87 
96 

, 105 

2 

0.0068 
0.0069 
0,0073 
0,0076 
0,0080 
0,0383 
0,0083 

5 

P(?) 

0,23 
0.153 
0,135 
0 9 108 

0.20 
0,131 
0,109 
0,088 
0,080 
0,054 
0,036 
0,028 
0,024 
0,0196 
0.0156 
0,0123 
0,0097 
0,0081 
0,0069 
0.0061 
0,0055 
0,0057 
0,0059 
0,0052 
0.0065 
0,0068 
0,0071 
0.0074 

1.9 
2,6 
2,9 
3.6 

106 
114 
123 
132 
140 
146 
152 

Po 

1.9 
2.6 
2,9 
3,6 
379 
5.9 

10 
15 
20 
29 
39 
49 
58 
68 
78 
87 
97 

106 
116 
124 
133 
141 
148 
156 

0,099 
0,067 
0.045 
0,035 
0,030 
0.024 
0.0197 
0,0163 
0,0132 
0,0118 
0.0105 
0,0094 
0.0093 
0,0093 

0,0114 
0,0116 
0,0120 
0,0130 
0,0140 
0,0145 
0,0145 

3,9 
5,8 

10 
15 
19 
29 
39 
48 
57 
67 
76 
86 
96 

105 

0,28 
0,197 
0,173 
0.129 
0,124 
0,077 
0,049 
0,030 
0,024 
0,0177 
0,0137 
0,0108 
0,0091 
0,0074 
0,0052 
0,0055 
0,0053 
0,0053 
0,0055 
0,0059 
0,0062 
0,0066 
0,0068 
0,0068 

107 
116 
125 
134 
144 
150 
158 

'Po 

179 
2.6 
2.9 
3.6 
3.9 
5.9 

-~ 

10 
15 
19 
29 
39 
48 
58 
68 
77 
85 
96 

105 
115 
123 
132 
140 
146 
153 

0.026 
0,027 
0,030 
0,031 
0,033 
0,035 
0.036 

~~ 

7 
P ( d  

0,31 
0.22 
0,196 
0,155 
0,142 
0,088 
0,054 
0,039 
0,033 
0,026 
0,021 
0,0164 
0,0137 
0,0116 
0,0100 
0,0092 
0,0089 
0,0089 
0.0094 
0,0097 
0,0106 
0,0113 
0,0119 
0,0119 

7 1  
I 

106 
116 
124 
133 
141 
148 
155 

0,0098 
0.0107 
0,0111 
0.0120 
0.0128 
0,0132 
0,0137 

~ 

f 

1.9 
2,6 
2.9 
3.6 
3.9 
5.8 

~ 

10 
15 
20 
30 
40 
49 
59 
69 
79 
88 
98 

108 
117 
126 
136 
144 
152 
160 

B 

PtV) 

0,38 
0.28 
0.25 
0,20 
0,182 
0,131 
0,083 
0,071 
0,063 
0,053 
0,043 
0,036 
0,031 
0,028 
0,025 
0,024 
0,024 
0,024 
0,025 
0.027 
0,028 
0,031 
0.031 
0,032 

1.9 
2,0 
2,9 
3.6 
3.9 
5 3  

10 
15 
20 
29 
39 
49 
68 
68 
78 

97 
106 

a7 

1,07 
0,69 
0,57 
0,40 
0,35 
0,171 
0,059 
0.048 
0.035 
0,024 
0,0184 
0,0153 
0,0122 
0,0101 
0,0087 
0,0077 
0,0073 
0,0073 

199 
2.6 
2,9 
3.6 
3.9 - - 

15 
19 
29 
38 
48 
67 
67 
76 
86 
95 

104 

1,03 
0,66 
0,55 
0,39 
0933 

0,053 
0,046 
0,036 
0,029 
0,023 
0,0192 
0,0165 
0.0144 
0,0131 
0.0131 
0,0126 

- 
- 

Note: Commas represent decimal points. 
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TABLE 5b (cont'd) 

0,0097 
0,0102 
0.0110 
0,0115 

114 
122 
130 
138 

0,0073 
0,0074 
0.0077 
0..0081 

112 
121 
129 
136 

1.9 
'2.6 
2,9 
3.6 

1.24 
0.78 
0,64 
0.46 

15 
20 
29 
39 
49 
58 
68 
78 

0,088 
0,078 
0,063 
0,053 
0.045 
0,039 
0,034 
0 085 

87 
97 
106 
116 
124 
133 
141 

_ _ -  
0.029 
0,029 
0,029 
0,030 
0,031 
0,032 
0.035 

1 9  
2,6 
2 9 
3.6 
3.9 
5.7 - 
14 

0.79 
0.55 
0,46 
0.32 
0.28 
0,158 

0.050 
- 

3 8 

115 
123 
132 
140 
146 
152 

0.0129 
0,0132 
0,0139 
0,0147 
0,0150 
0,0153 

0,0065 
010123 144 
0.0126 I 150 0.0086 I 142 I i47 

16 

N i )  

14 

l4f) 

199 
2.6 
2,9 
3.6 
399 
5.7 
10 
14 
19 
29 
38 
48 
57 
66 
76 
85 
94 
103 
111 
120 
127 
134 
140 
145 
~. ~ 

0.67 
0-43 
0.35 
0.25 
0.22 
0,104 
0,043 
0,034 
0,025 
0,0184 
0.0144 
0,0116 
0,0095 
0,0081 
0,0069 
0,0064 
0,0061 
0.0060 
0.0081 
0,0062 
0,0065 
0,0068 
0,0071 
0,0072 

1.9 
2.6 
2,9 
3.6 
3.9 
5 3  
10 
15 
20 
29 
39 
49 
58 
68 
78 
87 
97 
106 
116 
124 
133 
141 
148 
154 

1.64 
1.00 
0.79 
0.56 
0.47 
0.23 
0,124 
0,093 
0,079 
0,063 
0,052 
0,044 
0.038 
0,033 
0,031 
0,030 
0.029 
0,029 
0.030 
0 * 032 
0.033 
0,036 
0,037 
0,037 

1.9 
2.6 
2.9 
3.6 
399 
5,3 
9.0 
13 
18 
27 
35 
44 
53 
61 
70 
78 
86 
93 
100 
107 
113 
118 
123 
125 

1.79 
1.07 
0,83 
0.60 
0953 
0 3  
0,168 
0,124 
0,100 
0,077 
0,061 
0,050 
0,041 
0,036 
0,031 
0.028 
0,026 
0,025 
0,026 
0,026 
0,027 
0,027 
0,027 
0,028 

3;9 0;40 
5.8 0,22 
10 I 0,122 

18 I 17 19 

F ( 9 )  
~ 

0,80 
0,50 
0,42 
0,30 
0,26 
0,128 
0,058 
0,038 
0,029 
0,020 
0.0160 
0,0132 
0.0107 
0 0094 
0.0030 
0.0073 

Note : 

1.9 I - I 1.9 i o.91 1.9 
2,6 
2,9 
3.6 
3.9 
5.9 
10 
15 
19 
29 
39 
48 
ti8 
68 
77 
87 

-, 

2.6 0,52 
2,9 I 0.43 
3,6 0.39 
3.9 0.28 
5;7 I 0,195 
10 0.078 

0,180 I 1XP8 I 0.107 

01035 
0,028 

37 0,021 

0,041 
29 0.031 
38 0.025 

0.073 
0.060 
0.051 

48 0;020 
57 I 0.0170 

48 0.012, I 58 I 0.037 
46 0,0171 
55 I 0.0139 I o:oi46 

0.0130 
85 0,0117 

0 033 
0.030 1 86 0.028 

0,oiiS % I 0,0103 
82 0,0095 

Commas represent decimal points. 
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96 
105 
114 
123 
132 

0.0068 95 
0.0068 103 
0,0070 111 
0.0073 120 
0.0077 127 

0,52 
0.35 
0.29 
0,23 
0 21 

1.9 
2,6 
2,9 
3,6 
3.9 

TABLE 5b (cont'd) 

8 
_. . 

96 
105 

I 90 0,028 
0,028 
0,029 
0,030 
0,032 
0.033 
0.034 
0,035 

0,0087 
0,0082 
0.0082 
0.0084 
0,0084 
0.0087 
0.0087 
0.0087 

0,0112 
0,0112 
0,0115 
0 * 0122 
0,0129 
0 * 0134 
0,0143 
0.0144 

_.. 

114 
122 
130 
138 0,0080 135 :g I 0,0085 I 140 

152 0,0086 145 
144 
148 

- - 
0.39 1.9 
0.26 2.6 
0,22 2.9 

3.6 
0,149 3.9 
0,085 5.8 
0.047 10 

14 
0,026 19 
0,0197 29 
0,0156 39 
0,0123 48 
0,0099 58 
0.0082 67 

- 

- 

~~ 

0.45 
0,29 
0.25 
0,189 
0,170 
0,098 
0,060 
0,043 
0,037 
0,032 
0,025 
0,020 
0.0166 
0,0141. 
0,0125 
0.0114 
0,0111 
0,0112 
0.0117 
0.0122 
0,0129 
0,0139 
9,0143 
0,0146 

1.9 
2.8 
2.9 
3.6 

5.8 
3.9 

10 
14 
19 
29 
38 
48 
57 
67 
76 
86 
95 
104 
112 
121 
129 
136 
142 
147 

1.02 
0.63 
0.52 
0,37 
0,32 
0.169 
0,088 
0,064 
0.053 
0,041 
0.033 
0,026 
0,021 
0,0178 
0,0158 
0,0141 
0.0133 
0.0132 
0,0137 
0,0142 
1,0150 
0,0157 
0,0161 
0,0161 

1.9 1.06 199 
2.8 0,66 2.6 
2,9 0.54 299 
3.6 0.39 
3.9 0.35 3.9 
5,7 0.21 598 
9 0,128 10 
14 0,104 - 
19 0.089 20 
28 0,072 30 
38 &060 
47 0.050 

- 

39 
49 
58 
68 
78 
87 
97 
106 
116 
124 
133 
141 
148 
155 

56 0;042 
65 0,037 
74 0,034 
83 0,031 
92 0.030 
101 0,031 
109 0,031 
117 0,034 
124 0,034 
130 0,035 
136 0,036 
141 0,037 

0 0073 
0,0064 
0,0065 
0,0062 
0,0063 
0,0067 
0,0070 
0,0075 
0,0077 
0,0079 

77 
86 
96 
105 
114 
122 
130 
138 
144 
151 

.~ 

Po 

1,9 
2.6 
2,9 
3-6 
3.9 
5.8 

- 

10 
15 
19 
29 
39 
48 
58 
68 
77 

28 

P W  

1.26 
0.83 
0,70 
0,52 
0,46 
0,22 
0,127 
0.077 
0,072 
0,060 
0.051 
0.044 
0,040 
0,036 
0,033 

1.04 
0.69 
0,58 
0.42 
0,37 
0,178 
0,065 
0,044 
0,032 
0,022 
0,0172 
0,0135 
0,0113 
0,0094 
0,0082 

199 
2,6 
2.9 
3.6 
3:9 
598 
10 
14 
19 
29 
39 
48 
58 
67 
77 

1,07 
0,71 
0,58 
0,43 
0.36 
0,178 
0,073 
0,051 
0,038 
0,029 
0,023 
0,0189 
0,0159 
0.0139 
0,0120 

1 .g 
2.e 
29% 
3.8 
3.9 
5.8 
10 
15 
20 
29 

49 
59 
69 
78 

a9 

0,138 5 3 
0,097 I 10 0.080 15 
0,072 
0,059 
0,048 
0,040 
0,034 
0,030 
0,028 

20 
29 
39 
49 
59 
68 
78 

Note: Commas represent decimal points. 
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TABLE 5b (cont'd) 

'Po 
~ 

2 
3 
4 
5 
6 
7 
8 

10 
15 
20 
29 
39 
49 
58 
68 
78 
88 
97 
.06 
.15 
.24 
133 
141 
148 
155 

4 

- 
2 

4 
6 
6 
I 
8 
9 

20 

40 

60 

80 
90 

100 

a 

- 
- 
- 
- 

- - 
120 

140 
- 
- - 

126 I 0;030 

1.16 

0,39 
0.34 
0.29 
0.27 
0,26 
0.24 

0.20 

0,162 

0,136 

0.118 
0,115 
0,114 

0,118 

0,127 

0.55 

- 
- 
- 
- 

- 
- 
- 
- - 

0 ; 031 tz I 0,033 
161 0.035 

6 
7 
8 
9 

14 
19 
28 
37 
46 
55 

168 I 0.,036 

29 

0;43 
0.40 
0,36 
0.34 
0,30 
0,26 
0.23 
0.196 
0,172 
0.160 

64 
73 
82 
90 
99 

LO7 
114 
121 
127 
132 
135 

-- 

a 

0; 144 
0,136 
0,131 
0,128 
0 128 
0,131 
0,135 
0,139 
0.144 
0,147 
0,150 

88 
97 

107 
116 
125 
134 
143 
150 
157 

2 

4 
6 

a 
2 0.40 
3 0,32 1 I j 1% 0"::; 0.48 

0.34 4 0,29 0.183 
0.33 6 0.26 0.190 0.156 

o,40 

::%: I ji 1 0,0112 0,0108 1 
0,0073 0.0108 105 

90 
100 
110 
120 
125 

0.0075 I 114 I 0.0112 I114 

-. 

oil82 90 o ; i a  90 0 . 0 ~ 1  
0,182 100 0.133 100 0,081 100 0,oeO 
0,188 110 0,136 110 0.085 110 0.062 
0,194 120 0.143 120 0,088 120 0,065 
0,194 125 0.146 135 0.091 -. - I 125 0.057 0'060 

0;0078 122 0;0119 123 
0.0083 0,0126 
0,0087 1 I 0,0134 1 % 
0.0091 0 0139 146 
0,0093 1 iz I 0.0141 152 

1.60 
0,98 
0.70 
0,57 
0,50 
0;46 
0.42 
0.40 
0.35 
0,33 
0,29 
0.26 
0,23 
0.21 
0,195 
0.190 
0,181 
0,181 
0,184 
0,190 
0,195 
0,20 
0,21 
0,22 
0,22 

8 

0.032 
0.032 
0,032 
0,033 
0,035 
0,037 
0,039 
0,040 
0.041 

- 

. _  

32 I ,  31 

5 I 0.51 

2 
3 
4 
5 
6 
7 
8 

10 
14 
19 
29 
39 
48 
58 
67 
77 
86 
95 

LO1 
113 
122 
130 
137 
143 
149 

1,20 
0,71 
0.55 
0,46 
0.41 
0.38 
0,37 
0.34 
0,30 
0927 
0.24 
0,21 
0,189 
0.171 
0,162 
0,152 
0,149 
0,147 
0,149 
0,154 
0,162 
0,167 
0,173 
0,179 
0,181 

- 
35 1 36 I 34 I 33 

10 I 0;30 I 10 I 0:23 I 10 I Oil58 I 10 I 0.129 

80 1 0.182 I 80 I 0:133 I 80 I 01083 I 80 I 0.061 

Note: Commas represent decimal points. 
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TABLE 6 .  Total (weighted) IC and Aerosol P D  Scattering 
Functions at  Small Angular Distances from Sun, 

CF 5 10" (autumn-summer observations) 

0,730 
0,691 
0,650 
0,593 
0,553 
0.520 
0,495 
0,470 
0.447 
0.423 
0,410 

0,730 
0.691 
0,650 
0,593 
0,553 
0,520 
0,495 
0.470 
0,447 
0,423 
0,410 

0,730 
0,691 
0,650 
0,533 
0,553 
0,520 
0,495 
0,470 
0,447 
0,423 
0,410 

0,730 
0,691 
0.650 
0,593 
0,553 
0,520 
0,495 
0,470 
0.447 
0,423 
0,410 

0,730 
0,691 
0,650 
0,593 
0,563 
0.520 

1.93 
2,lO 
2,28 
2.31 
2.30 
2.30 
2.44 
2.53 
2.76 
2,71 
2.79 

2,18 
2.18 
2,39 
2,47 
2,52 
2,57 
2,70 
2,83 
2.90 
2,94 
3.26 

0.93 
0.93 
0,99 
1,04 
1,08 
1,lO 
1,14 
1,20 
1,20 
1,20 
1.30 

1,80 
1.80 
1.97 
2,17 
2,35 
2,52 
2.58 
2.86 
3,14 
2.94 
3.17 

1,32 
1.. 31 
1,36 
1.43 
1,46 
1,46 

1.93 
2.10 
2.28 
2.30 
2.29 
2.29 
2.42 
2.50 
2.73 
2.67 
2.74 

2.18 
2,18 
2,39 
2,46 
2,51 
2.55 
2,68 
2,80 
2., 87 
2,90 
3,21 

0.93 
0.93 
0.99 
1,03 
1.07 
1.08 
1,12 
1,17 
1.17 
1,16 
1,25 

1,80 
1,80 
1.97 
2,16 
2,34 
2.5C' 
2,56 
2,83 
3,11 
2.93 
3,12 

1.32 
1.31 
1.36 
1.42 
1,45 
1,44 

D.77 
0,78 
0.82 
0,85 
0.86 
0.88 
0.91 
0.97 
1.03 
1.02 
1.09 

0,85 
0,85 
0,85 
0,91 
0.94 
0.95 
1,oo 
1,03 
1.04 
1.07 
1.14 

0,38 
0,38 
0.40 
0,42 
0.44 
0,45 
0,47 
0948 
0,49 
0.52 
0,51 

1.00 
1.04 
1,11 
1 .?1 
1,26 
1.37 
1.39 
1,49 
1,56 
1.47 
1.46 

0,45 
0.47 
0,48 
0,50 
0.50 
0,60 

- 
P D  

I 

0,77 
0,T8 
0.82 
0.84 
0,85 
0.86 
0.89 
0.94 
l,oo 
0,98 
1,04 

0,85 
0,85 
0,85 
Q, 90 
0,93 
0,93 
0,88 
1.00 
1.01 
1.03 
1,09 

0.38 
0,38 
0,40 
0,41 
0.43 
0.43 
0,45 
0,45 
0,46 
0,47 
0,46 

1,oo 
1,04 
1.11 
1,20 
1.25 
1.35 
1,37 
1,46 
1.53 
1.43 
1,41 

0,48 
0,47 
0.43 
0,49 
0.49 
0.48 

____ 

6 - 

P 

8 

0.43 
0.43 
0,47 
0,47 
0.46 
0.47 
0.49 
0,49 
0.51 
0,52 
0,50 

0,48 
0,48 
0,48 
0.51 
0.54 
0.51 
0,53 
0.54 
0.59 
0,61 
0,66 

0,23E 
0,24C 
0,257 
0,273 
0,28E 
0,292 
0,301 
0,315 
0,331 
0,35€ 
0,374 

2.69 
0,70 
0.73 
0.78 
0,80 
0,82 
0.82 
0 , a  
0,90 
0,86 
0,97 

0,27( 
0,25i 
0,26: 
0,27( 
0,26t 
0,27( 

0.43 
0,43 
0,47 
0,46 
0.45 
0,45 
0,47 
0.46 
0.48 
0.48 
0,46 

0 , M  
0,48 
0,48 
0,50 
09% 
0,49 
0,51 
0,51 
0,55 
0.57 
0,61 

0.23i 
0,231 
0,25: 
0,26 
0,271 
0,27! 
0.28( 
0.28' 
0,291 
0,31( 
0,32 

0,69 
0.70 
0,73 
0,77 
0.79 
0.80 
0,80 
0,81 
0,67 
0,82 
0,92 

0,25' 
0.2'; 
0,26 
0.26 
0.25 
0,25 

10 I 11 
3.276 0.273 
3,276 0,272 
0,281 0,276 
0,289 0,379 
0,294 0,281 
0.299 0,282 
0,305 0,284 
0.316 0,288 
0,323 0,239 
0,330 0,284 
0,327 0,274 

0,320 0,317 
0,318 0,314 
0,305 0,300 
0,520 0,310 
0.330 0,317 
0,340 0,323 
0,348 0,327 
0,360 0,332 
0,385 0,352 
0,428 0,382 
0,461 0,408 

0,184 0,181 
0,186 0,182 
0.202 0.197 
0,205 0,19S 
9.212 0.199 
0;230 0,213 
0,245 0,224 
0,260 0,222 
0.274 0,241 
0,282 0,236 
0,294 0,241 

0.50 0,50 
0,SO 0,50 
0.52 0,52 
0.54 0.53 
9,54 0.53 
0,54 0.52 
0.56 0.54 
0,57 0,54 
0,61 0.58 
0,59 0,55 
0.63 0,58 

0,170 
0,168 
0,175 
0,13Q 
0,191 
0,193 

0,167 
0,164 
0,17C 
'0,174 
0,176 
0,17€ 

l2 

Note: Commas represent decimal points. 
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TABLE 6 (cont'd) /lo7 

a 

9,495 
0,470 
0,447 
0.423 
0; 410 

- 0.730 
0,691 
0,650 
0; 593 
0,553 
0,520 
0,495 
0,470 
0,447 
0,423 
0,410 

0. '1.30 
0,691 
0,650 
0,593 
0,553 
0,520 
0,495 
0.470 
0,447 
0,423 
0,410 

0,730 
0,691 
0,650 
0,593 
0.553 
0,520 
0,495 
0,470 
0,447 
0,423 
0,410 

4 

1.52 
1,58 
1.50 
1,55 
1.64 

0950 
0.49 
0.52 
0,56 
0.59 
0.58 
0.62 
0.65 
O,@ 
0,67 
0,69 

0,75 
0,77 
0.81 
0.83 
09% 
0,86 
0,89 
0,91 
0,96 
0,99 
0.97 
0,162 
0,16€ 
0,174 
0,177 
0,18C 
0,19c 
0,204 
0.20€ 
o,2ie 
0,22€ 
0,23€ 

6 

1,50 
1.55 
1,47 
1.50 
1.49 

0.50 
0.49 
0.52 
0,55 
0,58 
0.57 
0.60 
0.62 
0,61 
0,62 
O,@ 

0.75 
0,77 
0,81 
0,82 
0.83 
0,85 
0,87 
0,88 
0,93 
0 9 9 4  
0,92 
0,15! 

0,161 
0,16: 
0,16; 

0,18 
0,18. 
0,181 
0,181 

0,16, 

0,173 
0,18, 

0.50 0.48 0,282 0,26110,204 
0.52 0.49 0,288 0.260 0.211 
0.64 0,61 0,304 0.270 0,222 
0,55 0.50 0,323 0,277 0,232 
0.54 0,49 0,326 0.273 0,215 

0,247 0,237 0.154 0,144 0,117 
0,257 0,244 0.162 0,149 0,123 
0.259 I I I I  0.242 0.172 0.155 0.124 

0,065 0,052 0,050' 0,047 0,039 
0,068 0,064 0,050 0,046 0,012 
0,074 0,069 0,056 0,051 0,016 
0,081 0,072 0,061 0,052 0,052 
0,088 0,076 0,071 0,059 0,059 
0,038 0,080 0.C77 0,061 0,067 
0,106 0,086 0,084 0,054 0,074 
0,111 0,086 0,088 0,063 0,078 
0,119 0,089 0,097 0,087 0,088 
0,132 0,090 0,108 0,065 0,098 
0,136 0,090 0,115 0,068 0.104 

_____ -~ 

11 

0,183 
0.183 
0,189 
0,186 
0,162 

0.099 
0,096 
0,103 
0,107 
0,110 
0,107 
0,119 
0,113 
0,115 
0,122 
0,122 

0.091 
0,093 
0,100 
0,097 
0.102 
0,109 
0,112 
0,125 
0,115 
0,122 

0,036 
0,338 
0,011 
0,043 
0,047 
0,051 
0,054 
0,053 
0,058 
0,056 
0,057 

~ 

0,087 

12 
~ - _  
- - - - - 
- - - - - - - - - - - 

0,070 
0,072 
0.U75 
0.085 
9,093 
0,100 
0,110 
0,121 
0,135 
0,150 
0,154 
0.036 
0,037 
0,040 
0,046 
0,054 
0.030 
0,065 
0,070 
0,077 
0,087 
0,095 

TABLE 7. Total (weighted) 11 and Aerosol P D  Scattering 
Functions at  Small Angular Distances from Sun, 

CF 4 10' (winter observations) 

21 
0,772 1 0,691 

F? 0.650 
01617 
0.593 1 0,553 

N 

13 - 
- - - - - 
- 
- - - - 
- 
- 
- 
- - - 
1,067 
1,068 
1,070 
1.075 
1,080 
1,083 
1.039 
1.093 
1,102 
1.101 
1,102 

1,033 
1,053 
1.035 
1, 037 
1.042 
1,041 
1.015 
1,045 
1.047 
1.045 
1,049 

-_ j 5  1 6  i 7  1 8  i g - l l o - i l l  
0,105 0,102 \j,016 
0,115 0.111 0,058 0.054 
0,115 0,103 0,031 
0.120 0,112 0,057 
0,118 0.109 0,073 
0,139 0,127 0,083 

12 I 13 

0,031 
0.038 
0.044 
0,0:9 
0.050 
0,060 

- ~~ 

0.028 
0.031 
0,038 
0,041 
0,041 
0,048 

te: Commas represent decimal points. 
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3 

0.520 
0,495 
3.470 
0.447 
0,423 
3,410 

0.691 
0,650 
0,617 
0.593 
0,553 
0,520 
0,495 
0,470 
0.447 
0,423 
0,410 

0,772 
0,730 
0,691 
0.650 
0,593 
0,553 
0,520 
0,495 
0.470 
0,447 
0,423 
0,410 

0,772 
0.691 
0,650 
0,617 
0,593 
0,553 
0,520 
0,495 
0.470 
0.447 
0,423 
0,410 

0.772 
0.691 
0,650 
0.617 
0,593 
0.553 
0,520 
0.495 
0,470 
0,447 
0,423 
0,410 

0,772 

0,148 0,132 
0.152 0,131 
0.158 0,132 

0,192 0.146 

0,110 0,107 
0,108 0,104 
0,113 0.107 
0,118 0,110 
0.118 0,109 
0,134 0,122 
0,144 0,128 
0,145 0,124 
0,155 0,129 
0,160 0.125 
0,171 0,125 
0,162 0,110 

0,167 0.132 

0,198 0,116 

TABLE 7 (cont'd) 
4 1 5  ( 6  1 . 7  1 8  1 9  ( 1 0  

~ 

0,093 0,077 0,082 0,066 0.078 
0,097 0,076 0,089 0,068 0,083 
0,106 0,080 0,094 0,068 0.088 

0.125 0,079 0,117 0,071 0,110 

0,048 0,045 0,038 0,035 0.033 
0,056 0,052 0,046 0,042 0,041 
0.062 0,056 0,051 0,045 0.046 
0,067 0,059 0,056 0.,048 0,050 
0,071 0,062 0,058 0,049 0,053 
0.082 0.070 0,068 0,056 0,062 
0,089 0,073 0,075 0,059 0,069 
0,084 0,073 0,079 0,058 0,074 
0,099 0,073 0,086 0,060 0,079 
0,110 0,075 0,096 0,061 0,090 
0,120 0,074 0.106 0,060 0.100 
0,128 0,076 0,112 0,060 0,105 

0,118 0.083 0,102 0,067 0.098 

0,138 0.086 0,126 0.074 0,118 

0;219 
0,247 
0,260 
0,252 
0,252 
0,253 
0,271 
0,281 

0,179 
0,184 
0,200 
0'.21.? 

0,210 0,093 0.087 0,065 0,056 0,054 
0,235 0,101 0,089 0,073 0,061 0,062 
0,244 0,108 0,092 0,081 0,065 0,069 
0,231 0,111 0,090 0,083 0,062 0,073 
0,226 0,115 0,089 0,089 0,063 0,077 
0,218 0,121 0,086 0,093 0,058 0,084 
0,225 0,132 0,086 0,110 0,064 0,092 
0,229 0,142 0,090 0,114 0,062 0,100 

0,176 0,086 0,083 0.064 0,061 0,052 
0,180 0,099 0,095 0,074 0,070 0,060 
0,194 0,108 0,102 0,092 0,076 0,068 
0.205 0.116 0.108 0.089 0.081 0.078 _,-__ 

0,214 
0,239 
0.260 
D.268 
0.276 

0,205 oii24 oil15 o;ogi 0;082 0;076 
0,227 0,136 0,124 0,105 0,093 0,087 
0,244 0,147 0,131 0,115 0,099 0,095 
0,247 0,154 0,133 0.119 0,098 0.101 
0,250 0,166 0,140, 0,128 0,102 0.110 

11 

0;286 
0,298 
0,313 

D,080 
0,080 
D,085 
0,090 
0,091 
0 103 
0:112 
3,117 
3 125 
3:129 
3,140 
3,147 

0.060 
0.062 
0,062 
0,063 
0,064 
0.066 

0,030 
0.037 
0.04C 
0,042 
0,044 
0.050 
0.053 
0,053 
0,053 
0,055 
0.054 
0,053 

0,035 
0,037 
0,040 
0,039 
0,045 
0,050 
0,063 
0,052 
0,051 
0,049 
0,046 
0,048 

0,049 
0,056 
0,062 
0,065 
0,067 
0,075 
0,080 
0,080 
0,084 
0,033 
0,083 
0,090 

0,025 
0,032 
0,036 
0,035 
0,038 
0,043 
0,046 
0,044 
0,048 
0,047 
0,047 
0,044 

0,251 0,176 0,141 0,135 0,100 0,118 
0,252 0.180 0,134 0,14ti 0,100 0.129 
0,261 0,196 0,144 0,158 0,106 0,142 

0,077 0.036 0,033 0,030 0,027 0,028 
0,076 0,043 0,039 0,037 0,033 0,036 
0,079 0,049 0,043 0,043 0,037 0,042 
0,082 0,054 0,046 0,047 0,039 0.043 
0,082 0,057 0,048 0,049 0,040 0,047 
0 091 0,067 0,055 0,060 0,048 0,055 
0:096 0.074 0,058 0,066 0,050 0,062 
0.096 0,074 0,053 0,068 0,047 0,065 
0,099 0,087 0,061 0,078 0,052 0,074 
0,094 0,095 0.060 0,085 0,050 0,082 
0.094 0,106 0,060 0,099 0,053 0,093 
O,?K 0,118 0,066 0,108 0,056 0,096 1 

12 

0,068 
0.075 
0,078 
0,085 
0,100 
0,111 

0,030 
0.037 
0,041 
0,045 
0,047 
0,057 
0.064 
0.065 
0,071 
0,085 
0,095 
0,098 

0,032 
0,036 
0,038 
0,042 
0,047 
0,054 
0,062 
0,063 
0,069 
0,072 
0,086 
0,095 

0,045 
0,052 
0,089 
0,064 
0,062 
0,073 
0,079 
0.088 
0,098 
0,102 
0,115 
0,125 

0,027 
0,032 
0,031 
0,040 
0,042 
0,051 
0,057 
0,060 
0,069 
0,075 
0,087 
0,095 

- 
13 

0,052 
0,054 
0,052 
0,050 
0,054 
0,059 

0,027 
0,033 
0,035 
0,037 
0,038 
0,045 
0.048 
0,044 
0,045 
0,050 
0,049 
0,046 

0.029 
0,032 
0,034 
0,034 
0,038 
0,042 
0,046 
0,042 
0.043 
0,037 
0,040 
0.043 

0,042 
0,048 
0.053 
0,056 
0,053 
0,061 
c.063 
0,067 
0,072 
0,067 
0,069 
0,073 

0,024 
0.028 
0,025 
0,032 
0,033 
0,039 
0,041 
0.039 
0,043 
0.040 
0,041 
O,@= 

Note: Commas represent decimal points. 
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I I l l  I 1  I 1  I I  I I 

0,209 0,206 0,134 
0,230 0,226 0.146 
0.244 0,238 0,158 
0,256 0,248 0,162 
0,259 0,249 0.160 
0,276 0,263 0,176 
0,296 0,278 0.187 
0,300 0,277 0,186 
0,307 0,279 0,194 
0,320 0,283 0,195 

0,324 0.269 0,222 
0,322 0,278 0,233 

TABLE 7 (cont’d) 

0.131 0,094 
0.142 0,103 
0,152 0,108 
0,154 0,113 
0,150 0,116 
0,163 0,128 
0,169 0,134 
0.162 0,136 
0,166 0,142 
0,158 0,150 

0,167 0,174 
0,184 0,162 

___ 
a 

0.580 
0.600 
0.630 
0,660 
0,660 
0.730 
0,740 
0,700 
0,720 
0,720 
0,660 
0,740 

0,091 
0,108 
0.113 
0,115 
0,119 
0,137 
0,150 
0,146 
0.154 
0,155 
0,169 
0,168 

0.172 
0,691 
0,650 
0,617 
0,593 
0,553 
0.620 
0,495 
0.470 
0.447 
0.423 
0,410 

0,172 
0,691 
0,650 
0,617 
0,693 
0,553 
0,520 
0,495 
0,470 
0.447 
0,423 
0,410 

0.56 
0.60 
0.62 
0.65 
0.65 
0,72 
0,72 
0,68 
0.69 
0.68 
0.61 
0.68 

0,08 
0.10 
0.10 
0,lO 
0,11 
0,12 
0,13 
0,12 
0.12 
0,12 
0,12 
o,ii 

15. V1965, 
a.m. 

b 

a.m. 
7. VI 1965. 

iavmi965, 

ia IX 1965. 
.a. m. 

,a. m. 
20. IX 1965, 

a.m. 

18. X 1965, 

8. X 1965, 

9. X 1965. 

a.m. 

a. m. 

a. m. 

. . .~ 

l a  

1 
2 
3 

1 
2 

1 

1 

1 
2 

1 

1 

1 

I g  

0,047 0 014 0 043 0 040 0,039 
0.064 0:05d 0:05d 0:049/0,049 

Oil06 0 080 0 100 0 074 0,092 
0.1121 o;on/ o:1031 o~os8lo.098 
0:i28 0:082 o;ii7 0;on oil07 
0,138 0,086 0,126 0,074 0,120 I I I I  

0,091 
0,099 
0,102 
0,105 
0,106 
0,115 
0,116 
0.113 
0.114 
0,113 
0,113 

0,036 
0,045 
0,049 
0,052 
0,053; 
0,063 
0,087 
0.065 
0,066 
0,063 
0,061 
0,068 

0,119 

0,070 
0,077 
0,082 
0,088 
0.087 
9,098 
0,107 
0.106 
0,113 
0,113 
0,132 
0,129 

0,036 
0,046 
0.052 
0,057 
0,059 
0.066 
0,078 
0.078 
0,084 
0,088 
0,100 
0,107 

TABLE 8. Optical Thickness of Atmospheric Haze ( T ~ )  

Date ’ I 2 

3,067 
5,073 
3,076 
3.080 
0,077 
D.085 
0,089 
0,083 
0,085 
0.076 
0,083 
0.074 

0,033 
0.042 
0,046 
0,049 
0,050 
0.054 
0.062 
0,057 
0,058 
0.053 
0.054 
0,055 

Note: Commas represent decimal points. 
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TABLE 8 (cont'd) 

28. XI1 1964, a.m. 
4. 11965, a.m. 

7. 11966. a.m. 

13. XI1 1965 a.m. 
17. XI1 1965, a. m. 
17. XI1 1965, p.m, 
13. I 1966, a.m. 

D 

* 

A I  I ,":: 10,772 10,730 10,691 10,650 0,617 I0,693 10,653 Date 

1 
1 
2 
1 
2 
3 
1 
1 
1 
1 

0.41 
0,24 
0,44 
0,21 
0,07 
0,08 
0,12 
0.69 
0,21 
O , G 7  

0,05 - - O,P5 
- 0,05 

- ' 0,040 
- 0,030 - 0,030 

0,050 - 
0,000 - 
0,025 - 
0,050 - 

0,39 
0,27 
0,47 
0,21 
0,08 
0,lO 
0,12 
0.64 
0,26 
0,60 

0,04 0.05 - ,0,05 - 0,08 

- 0,030 - 0,040 
0,050 0,055 
0,026 0,025 
0.035 0,040 
0,050 0,050 

- jO ,O20  

0.78 0.72 
0,33 0,51 
0,12 0.10 

0,06 0.09 
0,04 0,04 
0,08 :0,08 
0,030 0,040 
0,030 0,040 
0,040 0,020 
0,050 0,065 
0,035 0,030 
0,040 0,025 
0,060 0,060 

0,66 
0,155 
0.11 

TABLE 9. Atmospheric Haze Scattering Functions at (P=2' Ph(2? 

111. V 1986, a.m. 

15. VI 1955 a. m. 
D 

I 1 

1 I 2 l 3  

- .  
Arriving 1,74 

Arriving 1,70 

Arriving 1,41 

Leaving 2,20 

Leaving 2,18 

6. V 1955, a.m. 

12. V 1986, a.m. 

1 Leaving 2,05 
D Arriving 1,50 

Arriving 1,44 
Arriving 1,30 I Leavinn 2.02 

0.55 
1,12 
0,33 
0,83 

0.68 
1.18 
0,35 
0,80 

0,38 
0,25 - - - - 
0.11 
0,56 
0,20 
0,5t 

0,21 ' 
0,71 
0,24 
0,63 

- '0,Ol - 0,Ol - 0,Ol - 0,005 - 0.005 - ,0,005 
0,070,0,005 
0,020 0,005 
0,025 0,005 
0,060 0,005 

Oi23 0,31 0;40 
0,30 0,93 0.95 
0,27 0,33 0,32 
0,64 0,73 0,71 

6 I 7  1 8  I 9  

0,44 1 0,40 0,41 '0,40 
0,28 ' 0,32 ~ 0,33 0,31 - 1 0,63 0.70 0.62 

0126 , 0;30 0;35 

Note: Commas represent decimal points. 

D,470 

10 

0,40 
0.27 
0,81 
0,28 
0.08 
0,08 
0,46 
0,99 
0.a3 
0,76 

01k6 
0.71 
0,23 
0,37 
0,83 

0,05 
0.05 
0,05 
0,05 
0,05 
0.05 
0,05 
0,05 
0.05 
0.05 



TABLE 9 (cont'd) 

1 I 2 1 8  I 4  I 5  1 6 - 1 7  8 
I 

0,03 0.09 O,K' 0.03 0.04 0.04 
0.08 0,07 0,07 0.07 0,05 0 ,W 
0.10 0,07 0,011 0,05 0,08 0,08 
0,12 0,lS 0,17 0.15 0.12 0'17 
0,m 0,09 0.07 0.10 0,09 0,W 

18. WI 1986. a.m. 
17. IX 1965. a.m. 

9 I l O ~ l l I 1 2 I l 8 ~ 1 4  

0.02 0.08 0.03 0.02 0.00 0,Ol 
0,08 0,08 0.08 0,09 0.14 0.02 
0,OS 0.02 0.01 0.06 0.04 0.02 
0,17 0.20 0,21 0.12 0.13 0.02 
0,lO 0,09 0,07 0.19 0.16 0,02 

Arriving 2,81 
Leaving 2,76 
Arriving l , W  
Arriving 1,46 
Arriving 1,39 

- - - 
0,019 
0,018 
0,016 
0,016 
0,070 
0,016 
0,050 
0,022 
0,071 

0,007 0,004 
0,002 0,004 
0,0022 0,0024 
0,020 0.018 
0,015 0,013 
0,017 0,018 
0,013 0,013 
0,090 0,090 
0.017 0,017 
0,046 0,051 
0,018 0,021 
0,087 0,071 

I 

,Ooo 
,008 

,041 
,009 
.017 

DP te 

0,ooc 0,OoO - 0,001 
0,008 0,004 - 0,001 

0,033 0,044 0,047 0,005 
0.006 0.020 0,034 0,005 
0.020 0.033 0.016 0.005 

,01400,0020 0,020 - 0,0008 

0 
m 

0; 007 
0,110 
0,020 
0,044 
0,014 
0,090 

I 

0 ;  018 
0,008 
0,017 
0,049 
0,019 
0,071 

6. I 1985, p.m. 
8 

.7. XU 1881, a.m. 

7. X I I  1965. p.m. 
10. XII 1805. p. m. 
13. XU 1905, a.m. 

* 
0,017 
0,09 
0,014 
0,059 
0,022 
0,077 

Arriving 2,64 

Arriving 5,72 
Arriving 2,48 
Arriving 2,60 
Arriving 3,05 
Leaving 5,79 
Leaving 3.28 
Arriving 2,75 
Arriving. 2,66 
Leaving X,58 
Arriving 2,52 

2,88 

0,017 
0.080 
0,019 
0,055 
0,021 
0,090 

h.  Crm 

0: 022 
0,090 
0.014 
0,053 
0,023 
0,085 

'0:032 
0,110 
0.013 
0,062 
0,023 
0,098 

0,617 0,593 0,553 0,520 0,496 0,470 0,447 0,423 0,410 kAp.h I I I I I I I I I  

0;013 
0,090 
0,017 
0,055 
0,025 
0,039 

0,027 0,025 
'0,107 0,116 
\ I  

lo; 005 
;0,010 
0,005 
0,005 ,o ,005 
p008 

Note: Commas represent decimal points. 



TABLE 10. Average Values and Range of Measurements of 
Transmission Coefficient and 

Optical Thickness 
- - 

A. pm 
0,836 I 

. .  
0,546 - I 
. __. 0.455 I 

1 

Period of 
observations 

0,503 <0.748 <O ,813 

0,766<0,789<0,813 
(0.266 >0,236>0.207) 
0,503 <0,726<0,789 
(0.687>0.320>0,263) 
0,655<0.728 <O, 791 
(0.423>0,317>0,234) 
0,545<0.754<0,785 
(0.606>0,282>0,242) 
0.721 < 0.768<0.802 
(0,327 > 0.263 > 0,220) 
0,503<0,724<0,813 
(0, gtt:>O, 322>0,207) 

(0.687>0,290>0,207) 
1949-1961 r. 

Winter during 
this same period 
Spring 

Summer 

Autumn 

Forenoon 

Afternoon 

0.735 0,772 0,802 0,01510,785,1,9 1 0,813 
0,691 0,791 0,8010,0050,798,0,8 
0,650 0,791 0,7940,002 0,792 0,3 0,832 

0,553 0.721(0,741~0.010 0,73111,4 0,794 
0,520 0,703~0.7240.012~0,712~1,7 
0,495 0,708 0,7220,008 0,716'1.1 0,741 
0.470 0,6760,637 
0.447 0.661 0,668 0,008 0,652'0,6 0,682 
0.429 
0.410 

0.593 0,7680,7780,0~~~0.773i0.6 l i  
- 1 I I I I  

0,851 0.01910,832(2,3 0,759 1 1  0.7'41 0.009 0.75011,2 
0,8510,8410,0050,846~0,60,759~0,7410,009 0,758 1.2 

0,822 0,005 0,827 0.6 0,711~0,733~0.006 0,7460,5 

0,759 0,018 0,776 2,3 0,70810,692'0,008 0,700 1.1 
0,7760.7800,0020,7780,30,69210,6760,0080,684 1,2 

0,759 0,009 0,750 1,20,692l0,676 0,008 0,684 1.2 
0,008~0,68210,90.7080,7410,0160,7242,20,6610,646~0,008~0.653 1.2 

0,716 0,017 0.699 2,5 0,631 0,631(0,000 0,631 0 , O  
0,6S10,6~10.0~~~0,6~~0.80,6510.6310,0150,6462,30,6030.631;0.01~~0,617 2,3 

' I  I i  
0,817O,8000,0080,8081,00.7400,7260,0070,733 1,0 

0,631'0,6030,0160,615'2,6'0,6460,6170.0140,6322,20,59210,5500,0210,5713,5 I '  
-- i l  - I l l  

0.533<0.815<0.883 
(O,627>0,2O4>0,124) 
0,813 <O. 856<0.879 
(0,207>0.155>0,128) 
0,533<0,780<0,859 

{O ,629>0,248>0,151) 
0,718<0.799 <0,871 
-(0,331>0,224 > 0,138) 
0,617<0,821<0.883 
(0,482 > 0,197>0,182) 
0,778<0,837<0,883 
(0,251>0,177>0,124) 
0,533<0,796<0.876 
(0.629>0,228>0,132) 

0.743<0,857<0,923 
(0,080>0,154>0,297) 
0,891 <O. 897 <0,904 
(0.115>0,108>0.101) 
0,820 <O. 819 <O ,883 
(0,198 >O. 163=.0,124) 
0,815<0.844<0,891 
(0,204>0,159>0,115) 
0,743<0,861<0,920 
(0,297>0.146>0,923) 
0,805<0,875<0,920 
(0,216>0,133>0,083) 
0,558<0,841< 0.917 
(0,583>0,173>0,086) 

/112 - 

.. . 
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Ill1 IIIII 

TABLE 12. Total Optical Density D of Atmosphere 
and Its Aerosol Component DD 

0. V 1965, 
a. m. 

12. V 1965, 
a. m. 

15. V 1965, 
a.m. 

5. VI 1965, 
a.m. 

7. VI 1965 
a.m. 

18. VIIJ 
1965, a. m 

Autumn-summer obrervatio~~ 

I 

-- 
Date 1 r";. 

Winter observations - .. ~~ 

0,025 0,025 0,020 0,026 0,021 ADD 
0,056 0,056 0,069 0,085 0,100 

D, 0,044 0,041 0,051 0,059 0,065 
AD, 0,024 0,024 0,025 0,050 0,026 

6. 1 1965 a.m. D 0,029 0,050 0,052 0,068 0,079 

5. I 1965 P. m. D 

Note: Commas represent decimal points. 
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TABLE 13. Comparison of Atmosphere Trans- 
mission Coefficient Values, Determined by the 
Bouguer Method g, on a Stable Day, and from 

the Sky Brightness po 

23.IX 1952 
BVII 1952 
19.XI 1952 
29.XI 1952 
1O.XI 1960 
7.VI 1962 

29.VI 1962 

30.VI 1962 

8.IX 1962 

9.IX 1962 

171X 1962 

20.XII 1962 
3.XII 1962 
9.X 1965 
10.X 1965 
2.IX 1966 

13.IX 1966, a. m 

13.IX 1966, p. m 

1 4 J X  1936 

15.IX 1966 

29.XI 1965 

0.546 
0,577 
0,636 
0,636 
0.564 
0,634 
0,642 
0,450 
0,634 
0,542 
0,450 
0,634 
0,542 
0,542 
0,450 
0,634 
0,542 
0,450 
0.634 
0,542 
0,450 
0,542 
0,542 
0,410 
0,410 
0,405 
0.450 
0,542 
0,650 
0,405 
0,450 
0.542 
0,650 
0,405 
0.450 
0,542 
0,650 
0,405 
Q.450 
0.542 
0,650 
0.405 
0.450 
0.542 
0,650 
0,401 
0,495 
0,593 
0,691 

0,869 
0,875 
0,922 
0,912 
0.880 
0,874 
0,823 
0,762 
0,891 
0,839 
0.778 
0,908 
0,855 
9.828 
0,752 
0,900 
0,836 
0,771 
0,881 
0,837 
0,780 
0,880 
0,890 
0,708 
0,735 
0,759 
0,832 
0,900 
0,940 
0,588 
0,668 
0,776 
0,802 
0.714 
0,794 
0,845 
0.879 
0.689 
0,759 
0,841 
0.867 
0,664 
0.733 
0,809 
0,838 
0,660 
0,794 
0,851 
0.873 

0,871 
0,872 
0,927 
0,923 
0,882 
0.887 
0,838 
0,777 
0,905 
0,833 
0,785 
0,906 
0,868 
0,824 
0,746 
0.892 
0,840 
0,770 
0,886 
0.837 
0,778 
0.871 
0,890 
0,706 
0,707 
0,773 
0,844 
0,894 
0,951 
0,600 
0,685 
0,780 
0,820 
0,724 
0,794 
0,853 
0,904 
0,708 
0.783 
0,834 
0.881 
0,641 
0,723 
0,784 
0,827 
0,665 
0,781 
0,869 
0,893 

Nature of 
underlying 
surface 

Grass covering 

Snow covering 

Crass covering 

Snow covering 

Grass covering 

* 

Snow covering 

Note: Commas represent decimal points. 
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TABLE 14. Total (u) and Aerosol ('P.~) Scattering Functions 
for Small cp -= 10' (h = 2800 m above sea level) 

0,056 0,030 0,096 0,070 0,OF2 0,036 
0,073 0,028 0,111 0,065 0,075 0.030 
0.100 0,028 0,175 0,108 0,120 0,048 
0,146 0,038 0,231 0,123 0,162 0,054 

.. . 

I I I- 

0,077 0,051 
0,092 0,048 
0,135 0,063 
0,178 0,070 

0,650 
Wr 1966. 

a.m. 

I I 0.650!0.126~0.122~0.078~0.074!0.057~0.053!0.045~0.041!0.037~n ~ 1-133 
12.IX1966, 

lBIX 1966, 
a.m. 

a. m. 

15.IX 1966, 
a. m. 

TABLE 15. Total Optical Density D of Atmosphere and Its 
Aerosol Component D,, (h = 2800 m above sea level) 

2.IX 1966, 
a. m. 

I I 

0,405 0.120 0,012 I *  I 

/115 - 

122 

Note: Commas represent decimal points. 
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